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This research determines if there is any relationship between the peel force, the 
opening force and the burst force for a semi-rigid cup and lid system, for pre- and post-
retort conditions. It also compares the relationship (regression lines) between these forces 
pre- and post-retort. These seal results were studied by varying the sealing parameters of 
dwell time and temperature while keeping the pressure constant. 
Polypropylene cups and a peelable barrier retort lidding were used in this study. 
As compared to past research, a different peel testing technique was used to measure the 
peel and the opening force. The entire lid was peeled to measure the “true” opening and 
peel forces experienced by the consumer. A dynamic burst test was performed using 
unrestrained plates. Creep tests were performed to ensure a good quality of seals. The 
relationship for these forces, which were measured on different cups due to their 
destructive nature, were found using instrument variables (dwell time and temperature). 
The study found that there was a relationship between these the three force for both pre- 
and post-retort conditions. Six regression equations for these relationships were found. 
The pre- and post-retort regression lines were compared. The nature of these forces were 
found to be different pre- and post-retort. Different concepts were discussed to better 
understand the nature of these forces pre- and post-retort, such as modes of failure, cold 
crystallization of materials in the retort, sealant flow at high temperatures and dwell 
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According to Soroka, “Packaging is best described as a coordinated system of 
preparing goods for transport, distribution, retail and use.” A package contains the 
product and protects it against many forms of physical damage. It preserves the food by 
reducing biological or chemical changes. It helps transport the product from the 
manufacturer to the end user. It informs the end user about the product and motivates a 
purchase decision. Lastly, the package helps to dispense the product easily. (Soroka, 
2009). 
The different methods of preserving food products include temperature reduction, 
thermal processing, water reduction, chemical preservation, modified atmosphere 
packaging, and irradiation. Thermal processing utilizes elevated temperatures to kill 
microorganisms that are harmful or cause spoilage. The intensity of thermal processing is 
determined by various factors, such as the nature of the microorganism; the pH of the 
food; the physical nature of the product (liquid, solid or semi-solid); heat tolerance of the 
food product; the container material and geometry. Thermal processing methods include 
hot filling, ultra high temperature processing, aseptic processing and retorting (Soroka, 
2009). 
According to Whiteside, “retorting involves sealing a low-acid food product in a 
hermetically sealed container and applying sufficient heat to render the product 
commercially sterile according to FDA or USDA regulations” (Whiteside, 2005). 
“Commercial sterility” means destruction of all microorganisms that are detrimental to 
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human health and those which can reproduce at non-refrigerated temperatures. 
Clostridium botulinum is one of these microorganisms. It forms botulinal toxin in low 
acid food products. This toxin is detrimental to human health. Its consumption can lead to 
an illness called “botulism.” (Gavin et al., 1995). 
Retort packages can be classified as rigid, semi-rigid and flexible. Rigid packages 
include cans and glass jars, flexible packages include retort pouches and semi rigid 
packages include plastic containers hermetically sealed by flexible lids.  
Sealing for semi-rigid cup and lid retort packages is of prime importance. 
According to Darby, “Sealing is a method of closing the package using the flow and 
adhesion/cohesion properties of at least one of the thermoplastic material” (Darby, 2013). 
These seals have to be strong as they are exposed to moisture, elevated temperature and 
pressure differentials inside the retort chamber. They are also exposed to pressure 
differentials due to change in altitude during distribution. They are also exposed to 
vibrations, shock and impacts in the distribution environment. If the seal fails, 
Clostridium botulinum can enter the food. Although the seals should be sufficiently 
strong for distribution, they also often need to be peelable for easy opening for consumer 
convenience. 
Sealed semi rigid containers can be inspected by different destructive and non-
destructive test methods. The destructive testing methods include burst test, peel test 
(tests for determining opening force and peel force), pressure decay (creep) and so on 
(Gavin et al., 1995). 
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In a burst test, a needle is inserted into the package. The package is pressurized 
through the needle until the seal fails. This maximum pressure before the seal fails is 
called as the “burst force” (ASTM F1140-13, n.d.). Opening force is the high initial force 
that is required to peel the lid from the container flange (Matty et al., 1991). Peel force is 
the force required to separate the lid from the container after overcoming the opening 
force (Matty et al., 1991).  
Little research has been done to find the relationship between the opening force 
the burst force and the peel force. Not all the parties involved have the capacity to do all 
the tests, as the equipment is expensive. However, all parties involved could benefit if 
they had the ability of doing one of these tests and predicting results of the other tests.  
For example, material manufacturers may have the capability of doing a peel and 
opening force test in their plant but they may not have the burst-testing machine to do a 
burst test. Many companies involved in product filling, sealing and retorting have the 
burst testing equipment to predict if the product will perform well in the distribution 
cycle but may not have the capability to perform the peel and opening force tests. Also 
the material manufacturer is likely to test before retorting while the filling company 
usually tests after retorting the package.  
Thus there is a need to understand the relationship between initial opening force; 
sustained peel force and burst force for semi-rigid retort cups before and after retorting. 
In the past, Matty et al (1991) have written a paper about the relationship of these three 
forces post-retort but there is no scientific data provided. Bruins et al. (2006) have studied 
seal peel strength before and after retort. They found that the seal strength increases after 
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retort, for a non-peelable retort film by doing seal strip testing on a tensile tester. (Bruins, 
Elsayed & Basily, 2006). Mays et al (2008) correlated burst pressure and the peel force 
for semi-rigid trays. They found a relation between the burst and peel forces. This 
research did not evaluate the relationship of these forces with opening force. (Mays et al., 
2008) 
Broadly, the work in this document will help correlate the different methods used 
to find seal strength especially the initial opening force, the sustained peel force and the 
burst force. More specifically, the intent of this research is to understand the relationship 
between these seal test values for a semi-rigid cup and lid system, before and after retort.  
Finally this research will focus on the following four objectives: 
1) To determine if there is a relationship between the pre-retort test values for initial 
opening force, sustained peel force and burst force for a semi-rigid retort package.  
2) To determine if there is a relationship between the post-retort test values for initial 
opening force, sustained peel force and burst force internally for a semi-rigid retort 
package.  
3) To compare the relationship (regression lines) between these three forces for pre- and 
post-retort conditions. 











 Food is necessary for human survival. Most foods in their natural state have a 
very short shelf life. Over time they undergo spoilage and deterioration. One primary 
goal of food preservation is to slow down the activity of spoilage bacteria or eliminate 
them completely. This increases the shelf life of foods thereby reducing food waste. 
There are different ways by which food products can be preserved including 
temperature reduction, thermal processing, water reduction, chemical preservation, 
modified atmosphere and irradiation. Temperature reduction uses temperatures below 
ambient temperatures to preserve foods. It is commonly used in frozen foods. In thermal 
processing, high temperatures are used to kill harmful microorganisms. In the water 
reduction method, moisture is removed from the food by drying it to a level below that at 
which microorganisms can survive. Chemical preservation utilizes natural and synthetic 
chemicals, including antioxidants, to help increase shelf life. In modified atmosphere 
packaging, the percentage of gases in the package environment is altered to increase the 
product’s life. Irradiation uses high-energy waves to ionize foods molecules thereby 
destroying living organisms present. (Soroka, 2009) 
 Thermal processing uses heat as a method of preserving food. In this process, 
food is heated to a certain temperature, held there for some period of time and then 
cooled back to normal temperatures (Lee, Yam & Piergiovanni, 2008).  
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Figure 1. Classification of Thermal processing of foods 
 
Thermal processing can be classified into blanching, pasteurization, and 
sterilization (Figure 1). In blanching, heat is used to inactivate the enzymes. Enzymes are 
naturally found fragile proteins that act like catalysts in chemical reactions that cause 
food spoilage (Brain, 2001). Blanching is used to preserve fruits and vegetables. 
Processing temperatures are around 100℃. In the blanching process, these products are 
subjected to hot water or passed through steam for a short time period followed by fast 
cooling (Lee, Yam & Piergiovanni, 2008). Pasteurization is used for acid based foods 
(pH at or below 4.6). Food pasteurization occurs at temperatures below 100℃. In 
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temperatures (above 110℃), which makes them shelf stable at room temperature. (Lee, 
Yam & Piergiovanni, 2008) 
In some thermally processed foods, inactivation of microorganisms occurs before 
the food is filled inside the container while for some it occurs after the food is filled in the 
container. In case of aseptic packaging, sterile containers are filled with commercially 
sterile product in a sterile environment and then hermetically sealed (Robertson, 2006). 
Thus food is thermally processed and then filled in the container. On the other hand, in 
retort packaging, non-sterile food is filled in a non-sterile container. The package is then 




According to Whiteside, “The retorting process involves sealing a low-acid food 
product in a hermetically sealed container and applying sufficient heat to render the 
product commercially sterile according to FDA or USDA regulations” (Whiteside, 2005). 
“Commercial sterility” means destruction of all microorganisms that are detrimental to 
human health and those which can reproduce at non-refrigerated temperatures (Gavin et 
al., 1995). This means that in commercially sterile products, complete sterility need not 
be achieved.  
Clostridium botulinum is an anaerobe that grows in the absence of oxygen. It is a 
spore former. The ability to form spores helps the microbes survive a range of heat and 
chemicals. Spores are like plant seeds that remain dormant in the growth cycle of the 
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microorganism. These spores will not withstand heating at and above 100℃. (Gavin et 
al., 1995) When active this bacterium forms botulinal toxin in low acid food products. 
This toxin is detrimental to human health. Its consumption can lead to an illness called 
“botulism.” The toxin is not heat resistant and can be inactivated by boiling temperatures 
of 100℃ (Gavin et al., 1995). Clostridium botulinum grows best at temperatures from 
30℃ to 37℃, but it can be found at any temperature between 10℃ to 38℃. (Gavin et al., 
1995) 
Water activity (aw) is a unit of measuring the amount of water in a food product 
(Gavin et al., 1995). According to the FDA, low acid foods have a water activity of more 
than 0.85 and pH greater than 4.6 (Gavin et al., 1995). If a food product has a water 
activity of 0.85 or less, regardless of pH, the FDA does not require retorting. (Gavin et 
al., 1995) A typical retort processing conditions involve temperatures of 121℃ for up to 
30 minutes (60 min for large 3.5 kg catering packs) (Robertson, 2006).  
The canning industry dates back to the early 1900’s (Gavin et al., 1995). Initially, 
retort foods were only packed in metal cans and glass. Flexible pouches and semi-rigid 
cup lid systems are the relatively newer packages used in retorting. These packages often 
occupy less volume and are much lighter in weight.  
 
Retort Classifications  
 Retort chambers can be classified as “still retort” or  “agitated retort”. In still 
retorts the containers remain stationary, while in the agitated retorts the food containers 
are moved by systems inside the chamber (Whiteside, 2005). Agitated retort helps 
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achieve a more uniform heating and a faster heat circulation. Thus it is used for heat 
sensitive food products. (Whiteside, 2005)  
Retort chambers are also classified as “continuous type” and “batch type”. Batch 
systems are typically used for retort pouches and semi-rigid trays. In the batch process, 
the containers are loaded in the retort chamber, thermally processed and then unloaded. 
After unloading these containers, a new batch of containers is loaded (Whiteside, 2005). 
On the other hand, in a continuous type retort, carrier chains are used to transport 
packages at a constant speed through the retort. The processing time is decided by the 
speed of the carrier chain and number of times the chain passes through the retort 
chamber (Gavin et al., 1995). The continuous type of retort is generally used for glass jars 
or metal cans (Whiteside, 2005).  
“Overpressure” capability is another way of classifying retort chambers. 
According to Galvin et al., overpressure is “the pressure supplied to the retort in excess of 
that exerted by the heating medium at a given process temperature” (Gavin et al., 1995).  
Finally, chambers can also be classified based on the type of processing medium 
used such as steam, full water immersion, or water spray. (Whiteside, 2005)  
 
Headspace 
Foods expand when they are heated. The amount of food expansion depends upon 
the amount of air in the food, its starch content and the processing temperatures. 
("Carolina canning," 2014). To accommodate this expansion, some amount of headspace 
is required depending upon the product nature. Headspace is the volume inside a 
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container that does not contain any product. Depending on the type of product, headspace 
for semi-rigid containers can be measured as either “net headspace” or “gross 
headspace”. Net headspace is used when measuring homogeneous liquids of the same 
phase or products with uniform densities and temperatures. Net headspace is defined as 
the space between the inner surface of the lid and the top surface of the product. It is 
determined using net weight calculation. Gross headspace is used for non-homogeneous 
food products. It is defined as the vertical distance between the top surface of the product 
and the inner surface of the lid (Gavin et al., 1995).  
 
Overpressure 
According to Galvin et al., overpressure is “the pressure supplied to the retort in 
excess of that exerted by the heating medium at a given process temperature” (Gavin et 
al., 1995). When retort pouches or trays are hermetically sealed, some air is trapped in the 
empty headspace and within the food product. This trapped air expands as temperature 
increases in the retort chamber. The product in the container also expands and exerts 
internal pressure on the container. This expansion causes the flexible part of the pouch or 
the semi-rigid package to bulge or swell and thus exerts an internal pressure on the seal. 
The external pressure, used to counter balance the internal pressure, is called 
“overpressure”. (Whiteside, 2005) 
This internal pressure in the package can exceed the saturation pressure of the 
steam in the retort. A controlled overriding air pressure is required to counterbalance it. 
In industry, this can be achieved by fixing an online deflection detector to the semi rigid 
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container lid inside the retort chamber. When the online control system detects a rise in 
the internal pressure of the package, it increases the overriding external pressure. This 
helps in keeping a minimum pressure differential across the package (Ghai et al., 2011).  
In a steam retort running at 1210 C, the pressure is about 15 pounds per square 
inch gauge (psig.). Any pressure more than 15 psig. is considered as overpressure (Gavin 
et al., 1995). Semi-rigid plastic containers with heat-sealed lids or metal double seamed 
ends, flexible pouches, metal trays, and glass jars all require some degree of 
overpressure. (Gavin et al., 1995). 
 
Semi-rigid Package 
 According to the USDA regulations, “a semi rigid package is a container, the 
shape or contour of which, when filled and sealed, is not significantly affected by the 
enclosed product under normal atmospheric temperature and pressure, but which can be 
deformed by an external mechanical pressure of less than 10 pounds per square inch 
gauge (0.7 kg/cm2) which is normal firm finger pressure” (Gavin et al., 1995). 
Hermetically sealed semi rigid containers are commonly used for non-thermally 
processed and thermally processed food packaging applications. The thermally processed 
applications include retort, hot fill, cold fill and aseptic packaging. The containers for 
thermally processed foods are generally made of polypropylene. An oxygen barrier layer 
like EVOH can be coextruded between the polypropylene layers of the container. (Gavin 
et al., 1995). 
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 Semi-rigid packages can be made by different plastics processing techniques.   
Thermoforming and blow molding are the more commonly used techniques. (Gavin et 
al., 1995) Thermoforming is a low cost method of forming a small three-dimensional 
package by shaping a plastic film inside or around a mold (Selke et al., 2004). In blow 
molding, air pressure is used to shape the inner surface of the package and the mold 
shapes its outer surface (Selke et al., 2004).  
 Semi-rigid containers can be made of different shapes and sizes. They can be in 
the form of trays, bottles, cups and so on. Trays and cups are generally more common in 
retort packaging. Trays can be rectangular, square or oval shaped sealed with flexible 
lids. Semi-rigid bottles with semi-rigid caps can be used. Round cups with flexible lids 
are also used. 
Round semi-rigid cups can be described using some technical terms (Figure 2). 
The “width” or the “outer diameter” of the cup is the end-to-end diameter of the cup. The 
flange is the part of the cup, which is in contact with the lidding material. The “height” of 
the cup is the distance from the base of the cup to the top flange. The “inner diameter” is 
the inside diameter of the cup. 
 
Figure 2. Semi-rigid cup terminologies 
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For retort applications, a composite flexible lidding structure is used to 
hermetically seal the cup. This may be in the form of a roll stock or precut lids. A typical 
composite structure might consist of polyester / adhesive / oriented polyamide / adhesive 
/ foil / adhesive / polypropylene. All these layers have a particular function. The polyester 
layer  (polyethylene terephthalate) acts as a stiff and printable layer. The biaxially 
oriented polyamide layer is used for puncture resistance. Aluminum foil is used as a gas 
barrier. The polypropylene layer acts as a sealant material and a food contact layer. The 
aluminum foil layer can be replaced by a silicon oxide or aluminum oxide coating 
deposited on an oriented film such as polyethylene terephthalate or nylon. (Gavin et al., 
1995) A copolymer or “impurities” can be added to the polypropylene layer to make the 
lidding peelable. Addition of “impurities” in the backbone of the polypropylene interferes 
with uniform crystal formation, and lowers its crystallinity. It also reduces seal strength 
to the polypropylene cup, making the seal strength low enough to become peelable. 
 
Peelable Composite  
 Peelability is the ease of separation of two materials while opening a package 
having good seal integrity (MDDI, 2000). For peelable films, a wide sealing temperature 
range is desirable. Increasing the range of sealing temperature provides ease of operation 
and increases package reliability (MDDI, 2000). Peelable seals can be made by either 
using a polybutylene - polyolefin formulation, heat seal-coated materials (HSC), or by 
varying the sealing temperature or dwell time. (Aithani et al, 2006) (Bernal et al. 2012) 
Polybutylene - polyolefin (such as polypropylene) systems were first explored by Shell in 
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the mid - 1970’s. Polybutylene and polypropylene are not compatible with each other. 
When blended together in a sealable film, or when sealed together, these polymers do not 
adhere together well.  For instance, polybutylene and polypropylene can be blended into 
a film that is then sealed to a polypropylene cup.  The incompatibility prevents the sealant 
layer form forming a complete bonds, as there are less bonding sites. Due to this, there is 
cohesive splitting within the polyolefin (polypropylene) and polybutylene layer because 
of weak interfacial adhesion. (MDDI, 2000) Heat seal-coated materials are also used for 
making peelable films. Some of these materials have a cohesive peel because the bonds 
between the adhesive and the sealed material are stronger than the internal bond of the 
adhesive. (MDDI, 2000) Varying the temperatures or dwell times can make peelable 
seals. A strong but peelable seal can be achieved at a dwell time or temperature just 
below the fusion seal dwell time or temperature. (Aithani et al, 2006) (Bernal et al, 2012)  
 
Sealing 
According to Darby, “Sealing is a method of closing the package using the flow 
and adhesion/cohesion properties of at least one thermoplastic material” (Darby, 2013).   
A seal has several functions. It prevents separation of the product and package. It 
prevents product loss, tampering and theft. A good hermetic seal prevents infestation and 
microbial ingress. It also controls flow of oxygen, water vapor, flavors and aroma from 
the product to the environment and vice versa (Darby, 2013). 
 While closing a package, the heat-sealing layers are located at the interface of the 
two materials to be sealed. Heat and pressure are applied to the materials for a certain 
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period of time, which is referred to as “dwell time.” Heat is most commonly transferred 
to the packaging material through conduction by direct contact with the sealing jaw. Heat 
is then transferred to the interface layers through conduction between the layers of the 
structure. (Selke et al., 2004) This energy for sealing can be supplied by using heated 
tooling, impulse wire, induction, radio frequency waves, friction, ultrasonic vibration and 
so on (Darby, 2013). Sufficient heat must be provided to melt the sealant material to 
produce a seal. Tooling applies pressure that brings the sealing layers close to each other, 
at a distance of around 5°A (Selke et al., 2004). In a strong seal, high molecular 
entanglement destroys the interface between the layers thus forming one homogenous 
layer. Pressure is released at the end of the dwell time. The seal is still in molten state and 
is then allowed to cool down. The property of the materials to stay together and resist the 
separation forces in their molten state is called “ hot tack.” (Selke et al., 2004). 
Ferdinand et al. explained the molecular process that occurs during the heat-
sealing of a semi-crystalline polymers. Initially the surfaces come in close contact. At 
that time, weak Van der Waals forces exist between them. When heat is applied, the 
crystalline polymer melts. The application of pressure increases the molecular contact or 
“wetting” between the molten surfaces. The dwell time during which the pressure is 
applied causes the polymer chains at the interface to diffuse and entangle with each other.  
(Ferdinand & Prasadarao, 1994) In chain entanglement, the softened polymer is subjected 
to pressure that allows chains to move across the interface and wrap around each other 
(Darby, 2013). After the sealing process, the seal cools down and recrystallization occurs. 
(Ferdinand & Prasadarao, 1994)  
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Heated tooling sealing is one of the most common heat seal methods. It is also 
called thermal sealing, bar sealing or constant temperature sealing. Two heated jaws press 
the materials to be sealed together. Heat is conducted from the jaws to the interface of the 
sealing layers through the material via conduction. Pressure is released at the end of the 
dwell time. The molten seal is held together due to its hot tack. On cooling to normal 
temperatures a strong seal is formed unless the system has been designed for peelability. 
(Selke et al., 2004).  There are some variations to heated tooling sealing. In some sealers, 
only one jaw is heated and heat is transferred from only one direction. In another method, 
heated rollers replace the heated jaws to seal the materials. Heated tooling sealing can be 
used to seal 3-D packages like semi-rigid cups and trays. This variant uses different 
shapes of the upper bar depending on the shape and size of the surface to be sealed (Selke 
et al., 2004). 
“Impulse sealing” is similar to heated tooling sealing in that two bars are brought 
together.  However, in impulse sealing, there are nichrome wires or ribbons that are the 
source of the heat the package sees.  An electrical current is applied to the ribbon as an 
intermittent “impulse” and the nichrome heats up nearly instantaneously. Then the 
current is stopped and the seal is allowed to cool for a moment before the jaws re-open. 
This method allows the use of materials with low hot tack as the seal cools down when 
the materials are still held under pressure. Cups and trays can be sealed using a shaped 
impulse sealer. (Selke et al., 2004). 
Band sealing equipment has a heating zone and a cooling zone. A pair of moving 
bands is used to apply pressure to the two materials to be sealed. The bands then 
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transports them first through the heating zone and then through the cooling zone. Like 
impulse sealing, band sealing also provides cooling under pressure. Thus materials with 
low hot tack can be sealed using this method. It is commonly used for sealing preformed 
pouches containing product. Moving bands help achieve high operating speeds. The 
drawback of this method is the possibility of wrinkle formation in the finished seals. 
(Selke et al., 2004). 
Hot wire or hot knife sealing uses a heated knife or wire, which fuses the material 
and forms a seal. At the same instant of time it also cuts the pouch from the web stock. 
This method is used for high-speed and low cost packaging where seal integrity is not a 
critical issue. Seals are generally narrow and weak. (Selke et al., 2004) 
Ultrasonic sealing uses friction as a source of heat to melt the sealing interface 
and produce a seal. Rubbing the two surfaces together at a high speed generates friction. 
This method is used for sealing thick composite structures where conduction of heat 
through the layers is difficult. It can also be used to seal heat sensitive substrates and 
oriented films, which may shrink on exposure to high temperature. (Selke et al., 2004) 
Friction sealing or spin welding is similar to ultrasonic sealing in that friction is 
used to melt the seal interface. It can be used for rigid or semi rigid containers having a 
circular cross-section, like deodorant rollers or sealing caps to bottles. One circular 
surface is held stationery while the other part rotates rapidly over it generating friction. A 
sensor measures the resistance offered to rotation. It is stopped once the determined 
resistance value is achieved. For non-circular objects, oscillation replaces the rotation. 
(Selke et al., 2004) 
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Hot gas sealing is used for materials through which heat conduction is not desired 
for sealing the interface. Instead, the sealing layer is subjected to gas flame or hot air, 
which causes it to melt. To seal the materials, pressure is applied using a cooling bar or 
jaw. Contact sealing is based on the same principle, with the difference being that the 
sealing surfaces are melted by directly touching them to a heated plate. (Selke et al., 
2004) 
Radiant sealing uses radiation as the medium to heat the seal interface instead of 
conduction. It can be used for pressure sensitive materials. It is commonly used for 
sealing TyvekTM used in medical packaging. It can be used for sealing oriented materials 
and for producing 3D shaped seals.  (Selke et al., 2004)  
In dielectric sealing, a polar material is placed in an oscillating electric field. The 
polar molecules start oscillating along with the oscillating electric field. This oscillation 
generates heat causing the surface to melt and form a seal. Non-polar materials cannot be 
sealed using this method. Dielectric sealing is used to seal PVDC as it deforms when 
conduction of heat is used to form a seal. (Selke et al., 2004)  
Magnetic Sealing is similar to dielectric sealing but it uses an oscillating magnetic 
field to seal magnetic materials. Magnetic iron compounds in the material oscillate along 
with the oscillating magnetic field. The heat generated melts the material to form a seal. 
This is not a very common method, as packaging materials do not have iron compounds. 
It can be used to seal a material that has a magnetic iron coating. (Selke et al., 2004)  
An induction sealer generates an alternating magnetic field, which induces an 
electric current in certain metals within its field. A layer of aluminum foil is generally 
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used. This electric current heats the foil. This heat is conducted through the foil to the 
heat seal layer and forms a seal. This type of sealing is generally used for tamper evident 
applications in plastic bottles and jars. (Selke et al., 2004)  
 
Methods of Varying Seal Strength 
 The three variables to form a seal are time, energy and pressure. Energy 
can be supplied in various forms depending on the type of sealing performed. In heated 
tooling sealing, heat (temperature) is the form of energy used. Thus seal strength could 
potentially vary by changing time, temperature and pressure. In a study conducted by 
Aithani et al., it was found that there was little effect of pressure on seal strength. Aithani 
et al. also said that seal strength was not significantly affected by dwell time while 
temperature had an effect on seal strength (Aithani et al, 2006). However, research by 
Bernal et al. has found that varying dwell time has an effect on peel strength (Bernal et al, 
2012). Additionally, unpublished studies conducted by Darby show that seals can also be 
varied by pressure. (Darby, 2013) 
 
Heat Seal Curve 
 The heat seal curve displays the relationship between sealing temperature 
and seal strength (peel force) for a plastic polymer at a constant dwell time and pressure 
(Figure 3). The seal initiation temperature (SIT) is the point where a weak seal starts 
forming. At lower temperatures above the SIT, a small change in temperature causes a 
fairly large change in seal strength. The plateau initiation temperature is the temperature 
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at the start of the plateau region. This is the region where companies generally seal 
packages because small variations in temperature have limited effect on the seal strength. 
The final plateau temperature is the temperature where the seal strength starts decreasing 
with an increase in temperature. The seal strength drops because the sealant viscosity 
becomes so low that it flows out of the seal area and may reduce seal strength. (Ferdinand 
& Prasadarao, 1994) (Darby, 2013) 
 
Figure 3. Heat Seal Curve (constructed by peeling 1-inch heat-seal strip) 
Drawing adapted from Darby, D. (2013). PKGSC 430 Seal curves lecture 
 
Hazards a Seal Must Withstand 
A seal of a semi rigid retort package has to withstand various hazards before it 
reaches the final consumer. The hazards can occur during processing in the retort, 
palletizing, storage and distribution. 
In the retort chamber the package is subjected to high temperature of about 1210 C 
for 30 minutes to an hour. Due to this high temperature air in the headspace gets heated 
and expands. This expansion exerts a force on the seals. This force may be counteracted 
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by external over-pressure. The package is also subjected to pressure fluctuations and high 
moisture conditions, which may affect the seal strength.  
The package seal has to withstand shock in the distribution environment. Shock is 
a sudden change in velocity due to an impact. The package could encounter shock due to 
drops during manual handling or while moving through chutes and conveyors. It could be 
subjected to a shock while loading and unloading the palletized load in the truck by the 
forklift. It can also encounter shock during distribution when vehicles hit potholes, curbs 
or railroad tracks (Soroka, 2009).  
The seals are also subjected to vibration during transportation. During 
transportation, if the palletized load is subjected to vibrations near its natural frequency, it 
starts resonating. If this happens the vibration input is amplified and the seals could fail. 
The package may also experience static compression during storage in a warehouse and 
dynamic compression during transportation. 
The packages may be filled and sealed at low altitude. These packages may then 
be transported through high altitudes due to ground transport over mountainous areas or 
by air shipment. They can be transported to high mountainous regions like the Rocky 
Mountains. This change in altitude can create a pressure differential inside the package 
with reference to the outside environment. The seal may break if it cannot withstand the 





Modes of Seal Separation  
 Seals can be classified as “peelable” or “fusion” seals based on the mode of 
separation. Peelable seals are generally easy to open. In a fusion seal the materials fuse 
and much more force is required to open the package. 
In an adhesive failure (Figure 4), the sealant material sticks to any one of the 
substrates and does not split internally. Adhesive peel failure is not a very good seal 
indicator because there is no transfer of sealant to the other side of the substrate. Seal 
strength for adhesive peels is sensitive to seal parameter variation (Dodrill). However, 
systems exhibiting adhesive failure offer sufficient seal strength for many applications 
and a “clean” peal, which is desirable in some cases. 
 
Figure 4. Adhesive Peel Failure 
Drawing adapted from ASTM F88 Figure 4 (ASTM F88-09, n.d.) 
 
In a cohesive failure (Figure 5), when the lid is peeled from the cup the sealant 
splits internally. Some part of the sealant transfers to the base material while some 
remains on the lidding material. Thus a cohesive seal is considered as a good seal 
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indicator. While being peeled, a cohesive seal is sometimes subjected to “stringing” (also 
called angel hair) as the sealant splits (Dodrill). 
 
 
Figure 5. Cohesive Peel Failure 
Drawing adapted from ASTM F88 Figure 4 (ASTM F88-09, n.d.) 
 
Delamination (Figure 6) occurs when the seal at the interface between the two 
materials is stronger than the internal sealant bonds. This seal failure is also sometimes 
called interfacial split. 
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Figure 6. Delamination Failure 
Drawing adapted from ASTM F88 Figure 4 (ASTM F88-09, n.d.) 
 
 Material break (Figure 7) occurs when seal strength is stronger than the tensile 
strength of the material. It can also occur in a remote location away from the seal (Figure 
8). Material elongation (Figure 9) occurs after the yield point. Necking of polymer is 
observed in this region. Material elongation may occur with slight peel (Figure 10). 





Figure 7. Material Break Failure 
Drawing adapted from ASTM F88 Figure 4 (ASTM F88-09, n.d.) 
 
 
Figure 8. Remote Material Break Failure 





Figure 9. Material Elongation Failure 




Figure 10. Peel Elongation Failure 






Seal Strength Testing 
There are various methods for testing and measuring seal strength. They can be 
classified as destructive methods and non-destructive methods. Non-destructive methods 
are generally used to determine seal integrity and leak detection. There are various non-
destructive testing methods, including machine inspection, machine vision, bubble test, 
electrolyte test, dye penetration test, scanning techniques and so on. (Bruins et al., 2006) 
 Destructive testing methods such as peel and burst tests are used to measure 
mechanical seal strength.  These tests can be used to measure the seal strength of flexible 
films or semi-rigid or rigid containers with flexible lidding membrane. 
 
Initial Opening and Sustained Peel Force  
“Initial opening force” can be defined as the high initial force one has to 
overcome to initiate separation of the flexible lid from the container in the direction of 
the peel line (Figure 11). This force is experienced at the maximum width of the seal area 
perpendicular to the peel direction where the most amount of lidding material touches the 
base of the flange. It is the first peak as seen in the figure (Figure 12). (Matty et al., 1991)  




Figure 11. Peel Line and Peel Angle 




Figure 12.  Average Seal Strength 
Drawing adapted from ASTM F2824 Figure 1 (ASTM F2824-10, n.d.) 
 
After overcoming the initial opening force, the force required to peel the container 
often reduces to a great extent. (Matty et al., 1991) The sustained peel force can also be 
called the average seal strength. According to ASTM F2824, average seal strength can be 
defined as, “the sum of the individual forces recorded divided by the total number of 
those measurements. This calculation can be expressed as the average between the peaks 
or within the peaks.” (Figure 12) (ASTM F2824-10, n.d.) 
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Test method ASTM F88 has been used since the 1960’s for seal strength testing. 
This test uses only a portion of the seal, so it cannot record data of the entire package peel 
strength. Thus one cannot see seal strength variations across the entire seal when the seal 
is being peeled apart. Also this method is not useful in calculating the opening force for 
semi-rigid containers. In order to achieve this ASTM F2824 is used for semi rigid 
containers and lidding. Thus a more “real life” data of peel force for an entire seal area 
can be found. Also, this method helps calculate the opening force. (ASTM F2824-10, 
n.d.) 
Test method ASTM F2824 is used to measure the initial and continuous force 
required to separate the lid from the container. This test method is used for round 
containers. This method uses an angle of pull of 450 to separate the lidding membrane 
from the flange (Figure 11). A fixture is used to achieve the desired peel angle. The 
fixture also holds the container thereby preventing container movement. A clamp or grip 
is used to hold the lid when it is being peeled. It is peeled at a constant rate of 12+/-0.5 
in./min. The clamp is fastened to an electronic measurement device called  a force gauge 
or a load cell. This device takes sufficient readings per second and plots a force versus 




  In an inflation burst tester (Figure 13), a needle is punctured through the package 
wall, and is then used to internally pressurize the package until the package bursts. This 
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test captures the maximum pressure detected before the package bursts or fails. (ASTM 
F1140-13, n.d.)  This test helps understand the effect of internal pressure and type of 
package failure, which occurs when a package is subjected to pressure differential during 
processing and transportation. It is a quick evaluation process that can be performed 
during manufacturing process and at various points of the package’s lifetime. (ASTM 
F1140-13, n.d.) 
 
Figure 13.  Inflation Burst Tester 
 
Burst testing can be done in two different ways, unrestrained (ASTM F1140) or 
restrained (ASTM F2054). By having no restraint the package is allowed to inflate 
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without any restrictions. These ASTM burst tests are intended for flexible packages. They 
are generally used for pouches having peelable seals. 
ASTM F1140 is used to burst test unrestrained flexible packages. There are two 
types of tests: open package burst test and closed package burst test. Open package burst 
tests are used to test flexible packages with one side open while in the “closed package” 
version all sides of the package are sealed and package is inflated by puncturing it. There 
is no prescribed inflation rate of the package. The ASTM states that the pressurization 
rate must not exceed the response rate of pressure indicator. Pressurization occurs at a 
fixed rate until the package fails. (ASTM F1140-13, n.d.) 
There are three different methods of doing a burst test, the dynamic method, the 
static method and the indexing method. In the dynamic method, the package is inflated at 
1 psig/s until it fails. Then the internal pressure at failure is recorded. In the static 
method, the package is inflated at 1 psig/s to a specified internal pressure and is held 
there for 30 sec. It is a pass or fail test. In the indexing method, the package is inflated to 
5 psig and held for 30 seconds. It is then inflated for an additional 0.5 psig and held for 




There are two types of creep tests: one is a pass / fail test while the other is creep 
test to failure. The first type of creep test is denoted as “B1 Creep test”. According to this 
test packages are internally pressurized to an internal pressure, which is 80% of their 
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burst pressure and held there for a specified period of time between 15 to 30 sec. (ASTM 
F1140-13, n.d.) This test is just a pass or fail test to denote a good seal. The other creep 
test method denoted as “B2 creep to failure test”. Packages are tested for creep and held 
until package fails. (ASTM F1140-13, n.d.) 
 
The Need for a Regression Model 
There is a need to understand if there is any relationship between the opening 
force, the peel force and the burst force. By understanding this relationship, if one of 
these forces is known then the other one or both of the other two forces could be 
predicted. For example, if the burst force of a cup is known, then one would be able to 
predict the opening force and the peel force. This would help the industry obtain a lot of 
information about the package with very little testing. 
This would be very useful in the industry. In many cases different companies 
manufacture the cups and flexible lids. They are then taken to yet another company 
where they are filled, sealed and retorted. Not all the parties involved have the capacity to 
do all the tests. The test demands are expensive. The parties involved would benefit if 
they had the ability of doing one of these tests and predicting results of the other tests. 
For example, material manufacturers sometimes have the capability of doing a peel and 
opening force test in their plant but they may not have the burst-testing machine to do a 
burst test. Likewise, a product filling, sealing and retorting company may have the burst 
testing equipment to see if the product will perform well in the distribution cycle but may 
not have the capability to perform the peel and opening force tests.  
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Secondly, the relationship between these forces before and after retort is not 
known. The industry needs to understand whether these relationships change appreciably 
during the retort process. This would be beneficial, as the packaging manufacturing 
companies will test before retorting while the filling, sealing and retorting companies will 
test after retort. It would be of great interest for these involved parties to understand the 
effect of retorting on the seal strength of the package. 
 
Past Research 
 There has been some work done to relate the burst force and the peel force for 
flexible pouches in the past. Most the work done in this field used a concept called “hoop 
stress”. To apply hoop stress to a pouch, the pouch was thought of as “a thin walled 
pressure vessel” with a wall thickness of up to 10 percent of the diameter. Hoop stress 
was used to determine the stress developed in this thin wall pressure vessel by the 
following equation 1. 
!H =    RPT                                                           (1) 
Where: 
!H = Hoop stress 
R = Radius of Pressure Vessel 
P = Internal Pressure 
T = Thickness of the Thin Walled Pressured Vessel 
 Hoop stress occurs along the circumference of the pouch. Some assumptions were 
made to apply hoop stress to the pouch. It is commonly assumed that the pouch at the 
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time of burst forms an inflated cylinder, and when isolated the sealing area forms a semi-
cylindrical shape.(Bernal et al, 2012) 
Wachala was one of the forerunners who tried to find a relationship between the 
peel strength and the burst pressure. He considered an ideal pouch with a peel strength of 
1 lbf./in. This pouch was considered to have an infinitely small height and a rigid 
nondeformable surface. His derivation was based on the principle that when the rigid 
container (ideal pouch) was inflated to the edge of seal failure, the force that tried to pull 
the seal apart was balanced by the seal strength of the pouch. Thus he equated the force 
acting on the surface of the pouch to the force acting on the seal. (Wachala, 1991)  
F seal = F surface          (2) 
With this principle he concluded that  




        (3) 
Where: 
P = Burst pressure 
L = Length 
W = Width 
Wachala then considered another situation in which the inflated pouch formed a 
circular cross-section. He thus introduced a correction factor to compensate for the 
inability of the pouch to form a perfectly circular cross section at the time of burst. 
(Wachala, 1991) 
In 1993, Yam et al, published research entitled, “Relationship between Seal 
Strength and Burst Pressure for Pouches”. Yam too assumed a cylindrical geometry at 
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burst. They studied the forces acting on the pouch when it was inflated during a 
restrained burst test. (Yam et al., 1993) They derived the following relationship between 
seal peel strength and burst pressure 
S  =  PbR           (4) 
Where: 
S = Seal strength 
Pb = Burst pressure 
R = Radius of the semi-cylindrical region when the seal area is isolated 
 Franks and Barcan (1999) published an article entitled “Comparing Tensile and 
Inflation Seal-Strength Tests for Medical Pouches”. In their study, burst tests were 
carried out using restrained plates. They found that restraining plates help identify the 
lowest seal strength area of the pouch. Their data showed a high coefficient of 
determination between burst pressure and seal peel strength with an R2 value of 0.9422. 
(Franks & Barcan, 1999)  
 Franks and Barcan performed burst tests for both restrained and unrestrained 
pouches. They found no significant difference in their variability. They found that the gap 
distance had an effect on burst pressure and that they were inversely proportional to each 
other. Their study found that the use of restraining helped find the lowest seal strength 
area of the package as the plates allowed for a more uniform distribution of pressure. 
(Franks & Barcan, 1999)  
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Feliú-Baéz et al. (2001) published an article entitled, “ Correlation of Peel and 
Burst Tests for Pouches”. This study tried to verify the equation established by Yam. 
Based on the force diagram they established a theoretical equation, 
P=2  S/D           (5) 
Where: 
P = burst pressure   
S = seal strength 
D = distance between restraining plates 
This equation (equation 5) is the same as the equation established by Yam 
(equation 4). According to this equation, the burst pressure was directly proportional to 
seal strength and inversely proportional to the distance between the restraining plates. 
They performed restrained burst tests and peel tests on Tyvek /plastic pouches and found 
that the relation between the burst force and the peel force did not work for Tyvek / 
plastic pouches. The peeling times and the burst times for this study were kept the same. 
They concluded that equation 5 tends to overestimate the burst pressures and this 
overestimation increases at the gap size is reduces. Thus, they concluded that the 
equation 5 was not universal and it was oversimplified. Their conclusion contradicted 
Yam’s research that found a relation between the burst force and the peel force when the 
tensile peel time was controlled to be the same as burst peel time. (Feliú-Baéz et al., 2001) 
Bernal et al. (2012) in their research entitled, “Relating burst pressure to seal peel 
strength in pouches” explored these contradicting views further. Their research tested the 
equation established by Yam (equation 5). They varied dwell times to produce seals of 
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varying seal strength. The peel times and the burst times were kept the same. They used an 
instrument variable (dwell time) for their regression analysis, as the burst pressures and the 
peel force were not measured on the same pouch. They concluded that the equation did not 
work for plate gaps except for the plate gap of 0.25 inches. Bernal et al. explained that Yam 
worked with MRE pouches having fusion seals, which have a higher burst pressure, while 
Baez worked with chevron pouches having peelable seals. According to Bernal et al., fusion 
seals have a completely different mode of failure compared to peelable seals. 
The relation established for the study of pouches may or may not apply to semi-rigid 
trays or cups. There has been some research to correlate the burst and the peel forces for 
semi-rigid trays. There has been very little research to study the effect on retorting on seal 
strength. Finally, there is no research done to find the relationship between these forces at 
pre-retort and post-retort conditions.  
Matty et al. (1991) have written a paper entitled, “Packaging for the 90’s: 
Convenience versus shelf stability or seal peelability versus seal durability” which was 
published by the American Society for Testing and Materials. It provided good 
information about different tests for measuring seal strength for semi rigid cups. The 
paper has some shortcomings. It did not specify the materials and methods used to 
perform the tests including the seal temperature and time settings; presence of product 
inside the cup; testing procedures used and so on. The graphs were normalized and 
provided no information about the data obtained or its units. (Matty et al., 1991)  
Bruins et al. (2006) studied the impact of retorting on the peel force for semi rigid 
trays. They retorted some trays with some product at 250 F for 100 minutes. They 
removed the product and cut 25 mm (1 inch) samples. Then, they performed peel tests of 
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the samples on a tensile tester by pulling the seals apart. Their results showed that trays 
that were retorted had higher peel strength than trays that had not been retorted. The type 
of sealant material was not mentioned. (Bruins et al., 2006) 
  In the Bruins et al. (2006) study, a 25 mm (1 inch) sealed cross section of a 
retorted tray was used for peel testing. The peel force was found by pulling the sealed 
samples, with a 180° peel angle, apart on a tensile tester. This method is more repeatable 
among different cup sizes. The current research described in this thesis focuses on 
peeling open the entire cup, which gives a more real life peel force representation. 
 A more recent study entitled, “Seal strength models for medical device trays” 
written by Mays et al., was in 2008. This research established seven empirical relations 
for determining seal strength for medical device trays. This study used  
polyethylene terephthalate-glycol (PETG) trays with Tyvek lids. In this study, peel 
strength was studied with different variables, including pressure, dwell time, temperature 
and heat seal coatings (2 both water based) for nine different package configurations with 
various length-to-width ratios. The burst force dependence upon for restraining plate gap, 
tray volume, height, length to width ratio and area was studied. Peel tests were performed 
using 25 mm heat seal strip peels. The peel samples were cut from multiple locations 
along the flange of the tray.  The peel forces at the location of the burst were found by 
making a custom template for each tray. The burst test was completed first and the burst 
location was determined for each tray, then a peel specimen was cut at the burst location 
of the matching tray (Mays et al., 2008). 
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The 25 mm heat-seal-strips were peeled and data measuring the peak peel force 
and the average peel force were recorded. According to Mays, “average peel force is 
preferred over peak peel force as it provides unbiased estimate of seal strength of a 
specimen”. Over the range of seal pressures studied, they found that seal strength was not 
very significant compared to dwell time and pressure in predicting peel strength. They 
also observed most of the packages had their lowest peel forces at or near the corners 
(Mays et al., 2008). 
The study used restrained burst test to find the burst force for 9 different package 
configurations. It investigated the effect of temperature, pressure, dwell time, length-
width, tray area, and gap. They found temperature, dwell time, gap, tray volume, and tray 
height were significant in all models while pressure and length to width ratio were not 
significant. They found that tray height was the most important parameter followed by 
gap in predicting the burst pressure. (Mays et al., 2008). 
 In the Mays study, the lowest peel forces were compared with the burst locations. 
According to the researchers the burst location was able to predict the lowest seal 
strength location on only 34% of all packages. They also concluded that at a fixed gap 
level, for a specific package, burst location might be able to locate lowest peel strength in 
a higher percentage of cases. (Mays et al., 2008) 
 The study developed 4 models to predict the peel force from the burst pressure 
and the restraining plate gap distance (Equation 6, 7, 8, 9) .  
Peak  peel  force  at  burst  location  =  0.32*Burst  Pressure  +  5.26*Gap   (6) 
Average  peel  force  at  Burst  location  =  0.27*Burst  Pressure  +  3.83*  Gap    (7) 
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Lowest  peak  peel  force  in  the  tray  =  0.30*Burst  Pressure  +  4.12*Gap   (8) 
Lowest  average  peel  force  in  they  tray  =  0.25*Burst  Pressure  +2.95*Gap    (9) 
 
  Thus they found that it was possible to predict the peel force from the burst force 
and the gap distance. (Mays et al., 2008) This research was the first extensive research to 
find a relationship the peel and the burst force for semi-rigid packages.  
 The work done in this current study is very different from the research done by 
Mays et al. It tries to establish a relationship between the peel force, the burst force, and 
the opening force. The 25 mm heat-seal-strip method used to measure the peel force does 
not measure the opening force. The opening force is the first force the consumer 
experiences while opening a package. In this study, a different approach is used to 
measure the opening force along with the peel force on the same cup. In this study, 
polypropylene semi-rigid cups rather than trays are used to find the relationship between 
these forces.  
The current research tries to find a relationship between the peel forces, the 
opening force and the burst force pre- and post-retort processing. Lastly this research 
compares the peel force, the opening force and the burst force pre- and post-retort. 
 
Statistical Analysis for Parameter Estimation  
 Regression analysis is one of the most commonly used statistical techniques.  A 
simple regression model can be represented as shown in equation 10.  
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!i = !" +   !ı!i+ !i                                                                                                   (10) 
Where: 
 i =1,2,…..,n 
Yi = dependent variable 
X i = independent variable 
!0 = y intercept 
!1 = slope 
!i = equation error 
  In this equation Y is the response or the dependent variable while x is the 
predictor or the independent variable. The y intercept (!0) and the slope (!1) are the 
parameters to be estimated. The linear regression model assumes that !i  (the error in the 
equation) is uncorrelated with X (the independent variable). Also, the equation error !i  
has a mean of zero and a variance of !2. If there are no measurement errors in the data, 
the estimators are said to be unbiased. (Buonaccorsi, 2010) 
 The peel force and the opening force are obtained from the same cup. Thus a 
simple regression analysis is used to estimate the parameters, which uses the method of 
least squares.  
 However, to understand the relationship between the burst force and the peel 
force or the burst force and the opening force the same approach should not be used. Due 
to the destructive nature of the tests, the burst force and the peel force (or the burst force 
and the opening force) cannot be obtained from the same cup. To understand their 
relationship, “proxy variables” are used. The proxy variable is assumed to have a linear 
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relationship with the variable, which cannot be measured. As the tests are destructive in 
nature, the burst forces are the immeasurable forces for the cups that are tested for the 
peel or opening forces. These immeasurable forces are replaced by the burst forces 
measured from another group of cups that are manufactured and sealed under the same 
set of conditions. (Bernal et al, 2012) 
 When a proxy variable is introduced, there is a relationship between the proxy 
variable and the equation error. Thus the ordinary least square method for regression 
analysis becomes biased. To solve this problem an “instrument variable” is used. The 
instrument variable (Z) is correlated with the independent variable X (equation 11) and is 
uncorrelated to the error in the regression (equation 12) (Ashenfelter et al, 2002) 
cov  (Z,X) ≠   0          (11) 
cov  (Z,ε)   = 0          (12) 
Thus the instrument variable carries independent information about the 
mismeasured x (independent variable) which helps find the parameter estimates 
(Buonaccorsi, 2010).  
In this study, the dwell time and temperature both are considered as the 
instrument variables. Both dwell time and temperature were varied to get different seal 
strengths. Thus the instrument variable is correlated with the independent variable (burst 
force) but uncorrelated with the equation error.  
To find the regression equation using the instrument variables, the “ two stage 
least square method” is used. In the first stage, a regression analysis is done for the 
independent variable (burst force) and the instrument variable (dwell time and 
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temperature). This helps determine how a unit change in the instrument variable 
translates into a unit change in the independent variable. This stage utilizes the simple 
least square regression analysis. In the second stage the predicted values of the 
independent variable is regressed onto the dependent variable (peel or opening force). 
This helps determine how a unit change in the instrument variable affects the dependent 








                                                                                                            (13) 
Where: X is the independent variable, Y is the dependent variable, and Z is the 
instrument variable.                                                                                
This estimator is called as the “instrument variable estimator”. (Ashenfelter et al, 
2002)  
 
Scope of this study 
Broadly, the work in this document will help relate the different methods used to 
find seal strength, specifically the initial opening force, the sustained peel force and the 
burst force. More specifically, this research will investigate the relationship between 
these seal test values for a semi-rigid cup and lid system pre- and post-retort. 
Finally this research will focus on the following four objectives: 
1) To determine if there is any relationship between the pre-retort test values for initial 
opening force, sustained peel force and burst force for a semi-rigid retort package.  
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2) To determine if there is any relationship between the post-retort test values for initial 
opening force, sustained peel force and burst force internally for a semi-rigid retort 
package.  
3) To compare the relationship between these forces for pre-retort and post-retort 
condition. 





MATERIALS AND METHODS 
 
 As stated earlier, the primary goal of this research was to find if there is any 
relation between the peel force, the initial opening force and the burst force, for both pre-
retort and post-retort conditions. Another goal of this study was to improve understanding 
of the nature of these forces for both pre-retort and post-retort. This chapter explains the 
materials and methods used in this study to achieve these goals. 
 
Material and equipment 
 A list of materials used in this study is provided in Table 1. An equipment list and 
information is provided in Table 2. 
 
Table 1. Materials  
  Product name Supplier 
Cup  83 mm cup Printpack Inc., Richmond, VA 
Lidding material White Barrier Retort Lidding  Printpack Inc., Atlanta, GA 
Septa  3 mm black septa Mocon, Minneapolis, MN 








Table 2. Equipment 
Equipment  Description Supplier 
Cup Sealer Multivac T200 (6 cup sealing at a time) Kansas City, MO 
Repipetter 18.3 ml per injection  
Retort Surdry AO-142 Vizcaya, Spain 
Peel Tester Satec Instron Norwood, MA 
Cup holding fixture 
Fixture angled at 45° angle to hold the 
cup 
Built at Clemson, 
SC 
Sealed cup inflation 




Selection of Materials 
 Lidding material was selected based on different criteria. The lidding film had to 
be of a retort grade. The sealant layer had to be capable of providing a wide sealing range 
window that would result in peelable seals. Foil or non-foil barrier materials were both 
acceptable as long as the lidding material did not stretch or elongate appreciably during 
the peel test. 
According to the criteria, Printpack recommended the use of a white barrier retort 
lidding. It was a peelable material. The material is marketed in the industry for retort 
applications. Though the material had a non-foil barrier coating, it exhibited little 
stretching and elongation during the peel test due to the inclusion of oriented films. The 
total thickness of the structure was about 105 micron. 
A round semi rigid cup was selected for this study. There is an ASTM testing 
procedure for this shape of container. Also, the cup sealant had to be compatible with the 
lidding sealant to form a seal.  
Thermoformed sealable cups were provided by Printpack Inc., Richmond, VA. 
Using the dimensions described in Chapter 2 section titled “Semi rigid package”, the 
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outer diameter was 83 mm, the flange width was 5 mm, the inner diameter was 73 mm 
and height was 46 mm. The cup could contain a volume of around 136 ml (Figures 14 
and 15).  
 









A wide range of seal strengths was required to understand the relationship 
between the opening force, burst force and peel force. To vary seal strength, time and 
temperature were varied while the pressure 310 kPa (45 psi.) was kept constant as 
discussed in chapter 2 under the section “Methods of varying seal strength”.  
A weak peelable seal was formed at a temperature of 185℃ and dwell time of 0.6 
sec. Peelable seals were observed at 185℃ when the dwell time was varied from 0.6 to 
1.4 sec. The temperature was varied in 5℃ increments up to 215℃. The cups were sealed 
at 215℃  and  different dwell times up to 1.4 sec. The seals were peeled by hand and were 
peelable seals. At temperatures higher than 215℃, delamination of the material was 
observed. In the initial studies it was found that seals with dwell time of 0.6 sec broke 
open during transportation and also in the retort.  
In order to have a wide range of seal strengths, it was decided to seal cups from 
185℃to 215℃ and dwell times from 0.8 sec to 1.4 sec. Pressure was kept constant at 
310.26 kPa (45 psi). The following temperatures and dwell times were used for the study: 
Temperatures: 185℃, 190℃, 195℃, 200℃, 205℃, 210℃, 215℃ 
Dwell times: 0.8 sec, 1.0 sec, 1.2 sec, and 1.4 sec 
With different combinations of dwell times and temperatures, there were 28 settings 
providing varying seal strengths. 
These sealed cups and lid packages were evaluated with inflation burst tests and 
peel tests. The inflation burst test was used to find the burst force while the peel test was 
used to find the peel and opening force. Both of these tests were destructive in nature thus 
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28 cup and lid packages were required per set. Three replicates of each test set were done, 
so 168 total cups were required. One objective of the study was to understand and the 
relationship (regression line nature) between these forces pre and post-retort, so 168 cups 
each were sealed for pre-retort and post-retort testing. Thus a total of 336 cups were 
sealed. 
To certify the quality of seals, creep testing was performed on a few cups with 
lower dwell times (0.8 sec and 1.0 sec) for four lower temperatures (185℃, 190℃, 195℃, 
200℃). Thus an additional 8 cups were sealed for pre-retort and post-retort each, for 
conducting creep tests. 
 
Randomization Procedure  
  Randomization provides a good base to use statistical methods in analyzing data. 
It helps prevent selection bias and makes sure that there is no accidental bias in the study. 
It helps make comparable groups to remove any source of bias in the experiment. (KP, 
2011)  
A randomization process was used to seal the cups. The cups were first numbered 
from 1 to 336. A random permutation was used to determine which number cup would be 
sealed under which seal condition.  Thus each cup had an equal chance of being sealed at 
particular combination of dwell time and temperature.  A computer program gave this 





 A Multivac T200 at Printpack Inc. (Figure 16) was used to seal the cups. Its 
working principle is a variation of heated tooling sealing where heat is supplied by only 
one jaw. It is used to seal 3-dimensional objects as described in Chapter 2 under 
“Sealing”.  
 As stated in the literature search, time, energy (temperature) and pressure are the 
three important parameters associated with cup sealing. The pressure was set to 310  kPa 
(45 psi.). The temperature and the time were varied to get different seal strengths. Then 
cups were placed in each of the six slots provided (Figure 16).  
Water was chosen as the product to be filled in the cup. Water is a simple 
substance with a single phase and uniform density at the fill temperatures used. It is often 
used in the industry for this type of testing. A repipetter was used to fill the cups with 
water. The repipetter dispensed a volume of 18.3 ml of water in each injection. Six such 
injections filled each cup with approximately 110 ml of water. A repipetter was used as 
consistency of water fill in all the cups was crucial for this study. The headspace was kept 
minimal so as to have less stress on the film post-retort. The container had a volume of 
136 ml. Thus, the “net headspace” in this study was 26 ml. 
A white retortable lidding material then covered the cups. After the controls 
display indicated that the sealing bar had reached the set temperature, the cup holding 
base panel was pushed inside the sealing machine. All the six cups were then raised 
inside the sealing compartment so that they could come in contact with the sealing jaw. 
Heat was transmitted in one direction by the sealing jaw. This melted the sealant surfaces 
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and a seal was formed. After the desired “dwell time”, the cups were lowered back to 
their initial position and the panel was pulled out of the sealing area. The sealed cups 
were then removed and the seals were allowed to cool down. Then, the next batch of cups 
was placed in the slots. 
 
  
Figure 16. Multivac T200 cup sealer at Printpack Inc. Atlanta 
 
 
The sealing jaw width of the cup sealer was 1.27 mm (50 mil). The jaw width (S) 
was measured by peeling the sealed lid and viewing it under the microscope. Since the 
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cup flange (F) was 5 mm and the outer diameter (D) was 83 mm, the S : F : D ratio was 1 
: 3.9 : 65.3. 
 
Figure 17. Seal jaw width (S) to flange width (F) to outer diameter ratio (D) i.e. (S:F:D) 
 
Retorting 
 After sealing, the cups were sorted as pre-retort and post-retort according to the 
randomization plan. The post-retort cups were retorted in the Surdry retort. The cups 
were loaded on the racks as shown in figure 18. These racks had spacers, which 
prevented the lid of the cup from touching the rack above it. The racks were then loaded 
in the retort  (Figure 19) and the chamber was closed (Figure 20). The cups were retorted 
for 30 minutes at 121℃. After this cycle, the cups were allowed to cool down and the 
racks were unloaded. 
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Figure 18. Cups loaded in the rack 
 
 




Figure 20. Surdry Retort in operation 
 
Opening and Peel Force Testing 
  The retorted (post-retort) and non-retorted (pre-retort) cups were again sorted for 
peel testing and burst testing. The cups were conditioned for a minimum of 24 hours at 
normal lab conditions. A fixture was used to conduct the peel test. The cup was secured 
in the fixture (Figure 21). 
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Figure 21. Satec Instron Peel tester at Clemson University 
 
The fixture positioned the cup at an angle of 45° as required by ASTM F2824. A 
lid holding mechanism was attached to the clamp by a wire (Figure 22). The clamp height 
was fixed after the lid holding mechanism was attached to the lid. The clamp height was 
adjusted so that there was little tension in the wire. The wire and holding mechanism 
were vertical and in-line during the testing (Figure 22). After pressing the start button, the 
flange was pressed by hand against the fixture to prevent the cup from coming out of the 
fixture (Figure 22).  
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Figure 22. Cup Peel testing on Satec Instron  
 
  The results of the peel test were recorded using the Instron Bluehill TM   software. 
The software was programmed so that it could record the peel throughout the opening of 
the cup in order to capture the opening force vs. the average peel force. The peel 
extension distance was set to 3 inches. The start and end points for the average peel force 
were selected using the cursor feature in the Instron Bluehill TM   software. 
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Figure 23. Example A Peel Test 
 
 
Figure 24. Example B Peel Test 
 
 
Figure 25. Example C Peel Test 
 
 
The graphs shown in Figure 23,24 and 25 denote the peel extension in inches on 
the X-axis and the load in pounds force on the Y-axis.  The first peak was recorded as the 
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opening force in units of pounds force (lbf.). As stated earlier, the peel length for 
calculating the average peel force value was selected using the software. The start point 
(the first vertical red line) was selected at a point where the flat region starts. The end 
point (the second red vertical line) was selected at a point where the flat region ends 
(Figure 23) (Figure 25). However, in figure 24 (example B), there is a small increase in 
force (bump in the graph) at the end of the peel. It arises due to “stringing” during the 
cohesive peel. Stringing (also called “angel hair”) occurs when the sealant splits (Figure 
26). This part (bump) was not included in the average peel force calculation. The peak at 
the end of the graph can be called the “end force” which is often but not always the same 
load as the opening force. The end force was not researched for this study. The mode of 
failure was recorded for all the tests. It was a cohesive peel failure for all the tests. The 
peel and opening force data table is attached in appendix A. 
 




Inflation Burst testing 
Inflation burst testing was done using the Lippke 4500 burst tester. The burst test 
was performed using the unrestrained closed package inflation method. Dynamic burst 
testing was carried out as described in Chapter 2 in the section “Burst test”. 
The cups had a volume capacity of 136 ml of water. Cups were filled with 110 ml 
of water leaving a “net headspace” of 26 ml. A two-side tape was stuck on the lid at the 
center of the cup so that water would not leak from the puncture. A black septum was 
attached to this tape. Care was taken to keep the septa at the center of the cup (Figure 27). 
The cup was then placed in a zipper closure bag to prevent water from splashing. The 
device’s needle was then punctured through the bag, the septa, the tape, and the lid of the 
container (Figure 28).  
The Mocon Lippke 4500 software was used to record the burst values. The 
prefilling rate was set to 1 psi/sec (dynamic burst testing). The maximum burst pressure 
was set to 14 psi and the minimum burst pressure was set to 2.9 psi. 
After clicking the start option, the prefilling of air took place. After the prefilling 
stage, air was inflated in the cup at 1 psig/sec until failure. The zip lock bag prevented the 
spilling of the water while bursting. Once the package burst, the burst pressure in psi. and 
burst time in seconds were recorded. The location of burst (corner or center burst) and 












Figure 29. Single Burst-testing report  
 
Creep Testing 
 After the burst test, a pass or fail creep test was performed on cups with low dwell 
times of 0.8 sec and 1 sec. The creep test was also performed on the Lippke 4500 burst 
tester with the same software.  
The lowest burst value out of the three replicates was found for each combination 
of the temperatures and the dwell times as shown in appendix C. The cups were inflated 
to 80% of the lowest burst force value (out of the three replicates) in each case and the 
pressure was held within the cup for a period of 15 second as described in Chapter 2 
under “Creep Test”. If the package could hold that pressure for the given time it passed 
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the seal test. Results were recorded as Pass or Fail as shown in Appendix C. The creep 
test or the pressurization / holding test was done to ensure that, at each set of conditions, 
burst test were not the result of a slow opening of seals. 
 
Statistical Methods 
 Statistical methods were used to find the relation between the peel force, the 
opening force and the burst force, for both pre- and post-retort conditions as described in 

















RESULTS AND DISCUSSION 
 
 This chapter presents the data obtained in this study. Peel force, opening force, 
and burst force results are described pre-retort and post-retort. Finally, the statistical 
analysis of the relationship of these forces for pre- and post-retort conditions is presented. 
 
Peel Force Results 
  The peel force results were analyzed for both pre-retort and post-retort. A scatter 
plot was used to understand how the peel strength changes with increase in temperature 
for different dwell times for both pre-retort (Figure 30) and post-retort (Figure 31). As 
stated earlier, for this study four dwell times were used (0.8 sec, 1 sec, 1.2 sec, and 1.4 
sec). The seal temperature was varied from 185℃ to 215℃ at 5℃  increments. The sealing 
pressure was constant at 310 kPa (45 psi.). For each combination of dwell time and 
temperature, three replicates were tested.  
The peel data are displayed in appendix A. Figure 30 shows the relationship 
between temperature (Celsius) and the peel force (Newton) at different dwell times pre-




Figure 30. Temperature vs. peel force for different dwell times pre-retort  
 
 The graph above shows some variation in the peel force for the three replicates of 
a given seal strength (combination of different dwell times and temperature). This is 
because, for a given combination of dwell time and temperature, there is a range of 
resultant peel forces. In this study 3 replicates were used. 
In figure 30, at lower seal temperatures (below 200℃), a small increase in 
temperature change caused a fairly large increase in the peel force. After that there is a 
plateau region (temperature range) where the change in temperature does not have much 
effect on the peel strength. After the flat plateau region, the peel strength begins to drop 
with further increase in temperature. 
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 The curves at all dwell times (Figure 30) are similar to the heat seal curve (Figure 
3) described in Chapter 2 under the section “Heat seal curves”. The heat seal curve in 
Chapter 2 was made using a 25 mm heat-seal-strip test. The average sustained seal 
strength is another nomenclature for the peel force. On the other hand, in this study 
(Figure 30), the entire cup was peeled and the average peel force was recorded. The data 
recording method is described in Chapter 3 under the section “Open and Peel Force 
Testing”.   
The plateau region shown in figure 3 is the region where packages are often 
sealed, as in this region a small change in temperature does not affect the seal strength 
greatly. At the end of the plateau region, the average seal strength (peel force) starts to 
drop with further increase in temperature (Figure 30). This is because, at high 
temperatures and dwell times, the sealant can melt and flow away from the seal area 
resulting in a weak seal. Another possibility is the degradation of materials at higher 





Figure 31: Temperature vs. peel force for different dwell times post-retort 
 
In the retort vessel, the cups were subjected to 121℃ for half an hour. The 
packages were held at that temperature for a specified period of time, and then cooled 
back to normal temperatures. The retort temperature of 121℃ is very close to the 
crystallization temperature of pure polypropylene (approximately 113℃). Polypropylene-
based sealant films often undergo cold crystallization in the retort. Due to this change in 
the polymer crystal structure, post-retort seals behave differently from pre-retort seals. 
After retorting, the nature of the peel force changes completely. Figure 31 
presents the effect of change in temperature on post-retort peel force, at different dwell 
times. It can be seen in the graph that post-retort peel force increases with increase in 
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temperature from 185℃ to 215℃, for different dwell times. This behavior appears to be 
more linear than pre-retort peel force (Figure 30). There is no flat plateau region or drop 
region as observed in pre-retort. An exception to this nature is observed for the dwell 
time of 1 sec. At this dwell time, the curve looks more like a typical heat seal curve. This 
may be due to the testing variability. 
 The following graphs show the effect of temperature on the peel force at a 
particular dwell time pre- and post-retort (Figures 32,33,34, and 35). At all the dwell 
times the trend lines for post-retort are lower than the pre-retort. But the case changes 
(except for the 1 sec dwell time) at higher temperatures where the sealant flow (due to 
high temperature and dwell time) causes the seal strength pre-retort to decrease. At the 
dwell time of 1 second, the trend line for peel force post-retort is lower than that of pre-
retort. Although different, the values are very close to each other.  
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 Figure 32: Temperature vs. peel force at a dwell time of 0.8 sec pre- and post-retort 
 
 
Figure 33: Temperature vs. peel force at a dwell time of 1 sec pre- and post-retort 
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Figure 34: Temperature vs. peel force at a dwell time of 1.2 sec pre- and post-retort 
 
 
Figure 35: Temperature vs. peel force at a dwell time of 1.4 sec pre- and post-retort 
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Pre-retort, the seal has both amorphous and crystalline regions. The polymer 
chains are diffused and entangled with each other. Thus the force required to separate the 
seal involves a lot of deformation. After the package is held in the retort for a certain 
period of time at 121℃  recrystallization occurs. This increases the crystallinity of the 
film. It is possible that, when force is applied to peel the package, failure can occur along 
the regions of the crystals grain boundary. Thus post-retort seal strength may decrease as 
compared to pre-retort. There is an exception to this nature at higher temperatures of 
215℃ where the sealant material starts flowing. 
 
Opening Force Results 
As stated in Chapter 3, the data for the opening force and the peel force are 
recorded from the same test. The opening force is much higher in scale than the peel 
force. The opening force results were analyzed for both pre-retort and post-retort. Similar 
to the peel force analysis, a scatter plot was made to understand how the opening forces 
changes with increase in temperature for different dwell times for both pre-retort (Figure 
36) and post-retort (Figure 37). Sealing parameters were the same as that explained for 
peel force. For each combination of dwell time and temperature three replicates were 
tested.  
The opening force data is displayed in Appendix A. Figure 36 presents the 
relationship between temperature (Celsius) and opening force (Newton) at different dwell 
times pre-retort for a cup with S : F : D ratio of (1 : 3.9 : 65.3).  
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Figure 36: Temperature vs. opening force for different dwell times pre-retort   
 
  As seen in the above figure, the opening force curves at dwell times of 0.8 sec and 
1.4 sec show similarity with the heat seal curve (Figure 30). There is an initial region 
where the opening force increases dramatically with a small increase in temperature, then 
there is a plateau region and then a drop region where the opening force drops. The 
curves of dwell time 1 sec and 1.2 sec do not show a plateau or a drop region in the 
temperature range from 185℃ to 215℃. There is a large drop in the opening force at 
temperature of 215℃ and a dwell time of 1.4 sec. This drop suggests that at such a high 
temperature and high seal jaw contact time there is a high flow of sealant material, which 
makes a weaker seal. This seal may be weaker than the seal formed at 215℃ and 1.2 sec. 
y	  =	  -­‐0.0162x2	  +	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R²	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Figure 37: Temperature vs. opening force for different dwell times post-retort  
 
 The figure above (Figure 37) shows the effect of change in temperature on post-
retort opening force at different dwell times. Similar to the peel forces post-retort, the 
nature of opening force post-retort is completely different from the nature of opening 
force pre- retort (except for 1 sec dwell time). There is no plateau or drop region. The 
opening force increases more linearly compared to the opening force pre-retort due to 
cold crystallization of the seal area. There is, however lot of variation in the seals with 
dwell time of 0.8 sec post-retort. This may be due to the testing variability. 
y	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  -­‐0.0018x2	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  0.67486	  (0.8	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 The following graphs show the effect of temperature on opening force at a 
particular dwell time pre-retort and post-retort (Figure 38, 39, 40, and 41). At nearly all 
the dwell times, the trend lines for post-retort are lower than the ones for pre-retort. An 
exception for this behavior is observed at 215℃and 1.4 sec, where the values are almost 
identical. This is possibly because the sealant material flows more at these high 
temperatures and dwell times resulting in a weaker pre-retort seal. 
 
 
Figure 38: Temperature vs. opening force at a dwell time of 0.8 sec pre- and post-retort 
 
 
y	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Figure 39: Temperature vs. opening force at a dwell time of 1 sec pre- and post-retort 
 
 
Figure 40: Temperature vs. opening force at a dwell time of 1.2 sec pre- and post-retort 
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Figure 41: Temperature vs. opening force at a dwell time of 1.4 sec pre and post-retort 
 
Burst Force Results 
The data for the opening force and the peel force were recorded from the same 
test for each cup. However the burst force data were recorded from a different set of cups. 
These cups were sealed at the same conditions as those of the cups tested for the peel and 
the opening force. The burst force results were analyzed for both pre-retort and post-
retort. Similar to the peel force analysis, a scatter plot was made to understand how the 
burst changes with increase in temperature (for different dwell times) for both pre-retort 
(Figure 42) and post-retort (Figure 48). The sealing parameters were the same as those 
explained for peel force. For each combination of dwell time and temperature three 
replicates were tested.  
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The burst force data are displayed in appendix B. Figure 42 shows the relationship 
between temperature (Celsius) and the burst force (Kilopascal) at different dwell times 
pre-retort for a cup with S : F : D ratio of (1 : 3.9 : 65.3).  
 
 
Figure 42: Temperature vs. burst force for different dwell time’s pre-retort  
 
 The burst forces pre-retort appear to increase with increase in temperature (Figure 
42). However there is lot of variation in the burst force for the three replicates in the pre- 
retort samples. The reasons for this variation were the modes of failure while bursting. 
The different modes of failure are explained in Chapter 2 under the section “Modes of 
seal separation”. In this study, the burst testing was carried out at an inflation rate of 1 
psig/sec. This method is called “dynamic burst testing”. Different replicates of cups of 
the same seal strength had different modes of failure pre-retort. Generally the cups that 
y	  =	  0.0094x2	  -­‐	  2.6221x	  +	  192.49	  
R²	  =	  0.72363	  (0.8	  sec)	  
y	  =	  -­‐0.0281x2	  +	  12.284x	  -­‐	  1275.1	  
R²	  =	  0.84767	  (1	  sec)	  
y	  =	  -­‐0.0011x2	  +	  1.1625x	  -­‐	  125.38	  
R²	  =	  0.65202	  (1.2	  sec)	  
y	  =	  -­‐0.0127x2	  +	  5.9259x	  -­‐	  608.22	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failed due to material break had a higher burst force than the cups that failed due to 
delamination. The cups that failed due to delamination had higher burst force compared 
to the cups that failed due to cohesive failure. This also depends on the extent of 
delamination or break. The different modes of failure are explained in Chapter 2 under 
the section “Modes of failure”. Below are a few examples of how the mode of failure 
affects burst strength. 
 
Figure 43.  Different modes of failure during burst test at temperature of 200℃ and dwell 
time of 0.8 sec, pre-retort 
  
 
As can be seen from figure 43, cup number 176 had a part of the white sealant 
material stuck on its flange. In cup number 243 a comparatively minor part of the sealant 
material was stuck on the flange while the cup number 210 had a clean cohesive peel 
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failure. Thus cup 176 had the highest seal strength while the cup number 219 had the 
lowest seal strength as seen in table 3. 
 
Table 3. Modes of failure at temperature of 200℃ and dwell time of 0.8 sec 
Cup number Failure mode Burst force (kPa) 
176 left Delamination 54.79 
234 center Minor delamination  53.5 
219 right Cohesive 36.79 
 
 
Figure 44.  Different modes of failure during burst test at temperature of 200℃ and dwell 
time of 1.4 sec, pre-retort 
 
 As can be seen from figure 44, cup number 73 had a material break at the 
left side and a white sealant material stuck on its flange (break and delamination). In cup 
number 301, a lot of white sealant material was stuck on its flange (delamination) while 
the cup number 59 had a comparatively lesser amount of sealant material stuck to its 
flange (lesser delamination compared to cup 301). Thus cup number 73 had the highest 
seal strength while the cup 219 had the lowest seal strength as seen in table 4. 
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Table 4. Modes of failure at temperature of 200℃ and dwell time of 1.4 sec 
Cup number Failure mode Burst force kPa 
73 left Break and delamination 71.09 
301 center Delamination 60.59 
59 right Delamination 56.95 
 
 
Figure 45: Temperature vs. burst force for different dwell time’s post-retort  
 
  The figure above (Figure 45) shows the effect of temperature on the burst force at 
different dwell times post-retort. As the temperature increases, the burst force also 
increases in a linear fashion post-retort like the burst forces pre-retort. (except for the 
curve with dwell time of 0.8 sec). In the curve for dwell time of 0.8 sec, burst force first 
increases rapidly with increase in temperature, then it has a plateau region and then it 
drops as temperature increases similar to the heat seal curve. 
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Compared to burst forces pre-retort, the burst forces post-retort have very little 
variation. This is because post-retort cups demonstrated cohesive failure  (only 9 
delamination failures out of 84) rather than the mixed failures seen on the pre-retort cups. 
The following graphs show the effect of temperature on burst force at each dwell 
time, pre and post-retort (Figure 46, 47, 48, and 49).  As seen in figure 46 the pre-retort 
and post-retort trend lines are very close to each other. Also, in figure 47 the pre-retort 
and post-retort trend lines cross each other at lower temperatures. This nature could be 
possibly due to the variability in the burst forces pre-retort. As explained earlier, this 
variability occurred due to the different modes of failure in the pre-retort burst tests. 
Figure 46: Temperature vs. burst force at a dwell time of 0.8 sec pre- and post-retort 
y	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Figure 47: Temperature vs. burst force at a dwell time of 1 sec pre- and post-retort 
Figure 48: Temperature vs. burst force at a dwell time of 1.2 sec pre- and post-retort 
y	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Figure 49: Temperature vs. burst force at a dwell time of 1.4 sec pre-retort and post-retort 
Creep Test Results 
Table 5. Creep test results 
Test method B1, Pressurization/Hold test (Creep) 
Type Treatment Samples tested Pass sample Pass% 
Closed cup 
Pre-retort 8 8 100% 
Post-retort 8 8 100% 
A Creep test or a Pressurization / Hold test was done as described in Chapter 3 
under the section “Creep test.” The seal test data can be seen in Appendix C. A 100% 
pass percentage denoted good quality of seals used for testing.  
y	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  5.9259x	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  5.1378x	  -­‐	  521.25	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Relationship between Peel Force and Opening Force 
The primary objective of this research was to see if there was a relationship 
between the peel force, the opening force and the burst force. The peel force and the 
opening force values were measured on the same cup. A simple regression analysis was 
performed to see if there was any relation between the peel force and the opening force. 
The peel force was selected as the independent variable while the opening force was the 
dependent variable (Figure 50). The average peel force and the opening force of the three 
replicates for each seal condition were calculated for the regression analysis. The pre-
retort and the post-retort data for the peel force vs. the opening force were plotted on the 
same graph. After this, statistical analysis (described below) was performed to find if 
there was any relation. Statistical analysis was done to compare the pre-retort and post-
retort parameter estimates. 
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Figure 50. Relationship between Peel Force and Opening Force for a semi rigid cup pre-
retort and post-retort (each data point is an average of 3 replicates) 
 
 A simple regression analysis was carried out using a SAS program. The following 
is the SAS output (Table 6). 
  
Table 6. Statistical Analysis for the relationship between the peel force and the opening 
force 
Post Retort Pre Retort 
Parameter Estimate Std. Error p-value Parameter Estimate Std. Error p-value 
Intercept 3.0837 0.5884 < .0001 Intercept 2.7517 1.1278 0.0218 




   
This table helps analyze if there is a relationship between the peel force and the 
opening force pre-retort and post-retort as shown below. 
y	  =	  4.5828x	  +	  2.7517	  
R²	  =	  0.91279(pre)	  
y	  =	  3.61x	  +	  3.0837	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First, a hypothesis test was done to see whether using the peel force helps predict 
the opening force. Specifically, a test was done to see if the slope of the regression line 
pre-retort and post -retort was different from zero.  
The hypotheses tested were: 
Η! ∶   !ı = 0          (14) 
ΗA  : !ı ≠ 0          (15) 
A level of significance of 0.05 was used for the hypothesis 
The p-value method was used as the hypothesis testing method. If the p value were less 
than ! then the test would reject the null hypothesis (i.e. the slopes are not equal to zero). 
Alternatively, if the p value were greater than ! then the test failed to reject the null 
hypothesis (i.e. there would be no sufficient evidence to conclude that the slopes are not 
zero). 
 
Table 7. Slope hypothesis testing for pre-retort and post-retort 
Peel vs. Opening Force 
 
Pre retort Post retort 
Level of significance 0.05 0.05 
p-value < 0.0001 < 0.0001 
p-value and ! p <  ! p < ! 
Decision Reject Ho Reject Ho 
Conclusion 
Slope is not 
zero thus there 
is a 
relationship 
Slope is not 




There was sufficient evidence (at the 0.05 level of significance) to conclude that 
the peel force and the opening force have a relationship for both pre-retort and post-
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retort. Thus the study has shown that knowing the peel force helps predict the opening 
force for both pre-retort and post-retort.  
Although the peel force and the opening force had a relationship for pre- and post- 
retort conditions, it was also useful to see if the regression lines were different. So, the 
slopes and y-intercepts (parameter estimates) for pre- and post-retort were compared.   
The second hypothesis test was carried out to see if the slopes (!ı) and y intercept 
(!0) are different pre- and post-retort. 
Following is the hypothesis to find whether the slopes are different 
Η! ∶   !ıpre −   !ıpost   = 0 (16) 
ΗA ∶   !ıpre −   !ıpost   ≠ 0 (17) 
A two-tailed standardized scale method test was performed to see if the slopes 
were different. A significance level of 0.10 was used because the type II error is more 
important. A type II error occurs when the analysis fails to reject the null hypothesis 
when it is false. Thus the type II error does not reject !ıpre −   !ıpost   = 0 when it is false. 
 The following test statistic was used (equation 18) 
Zobs = β  1pre  -­‐  β2post(Std  Error  for  !!pre)!!(Std  Error  for  !!post)!   (18)
Where, 
β  1pre : the slope pre retort 
β  1pre : the slope post-retort 
A similar hypothesis was done to see if the y-intercept (!o) for the pre and post 
regression lines was different.
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The SAS program gave the results seen in table 8 
Table 8. SAS output for difference in pre- and post-retort Regression lines for peel vs. 
opening force 
Difference in pre and post regression lines for peel vs. opening 
force 
Parameter Estimate Std. Error 
Test 
Statistic p-value 
Intercept 0.07465 0.2860 0.2609 0.7940 
Slope -0.9728 0.3220 -3.0206 0.0025 
There was sufficient evidence (at the 0.10 level of significance) to conclude that 
the slopes pre- and post-retort are different (p >  !) while there was insufficient evidence 
to conclude that the y-intercepts pre- and post-retort are different (p <  !). Although there 
was insufficient evidence to conclude that the y-intercepts are different, it can be said that 
as the peel force (independent variable) increases, opening force (dependent variable) 
changes differently for pre- and the post-retort conditions, since the slopes are different. 
The pre-retort and post-retort trendlines have a R2 value of 0.91 and 0.94 respectively. 
Figure 50 shows the graph of the regression lines pre-retort and post-retort. Following are 
the simple regression equations for Peel force vs. Opening force pre–retort (equation 19) 
and post-retort (equation 20). 
Table 9: Regression equations for Peel force vs. Opening Force 
Peel force vs. Opening Force 
Equation R2 
Pre-retort  y = 4.5828 x + 2.7517               (equation 19) 0.91 
Post-retort y = 3.61 x + 3.0837    (equation 20) 0.94 
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Relationship between Burst Force and Peel Force 
 The burst force and peel force were measured on different set of cups, as both the 
tests are destructive in nature. Regression analysis using instrument variables (dwell time 
and temperature) was performed to see if there was any relationship between the burst 
force and the peel force. This method is explained in Chapter 2 under “statistical analysis 
using parameter estimation”. The burst force was selected as the independent variable 
while the peel force was the dependent variable (Figure 51). The average burst force 
(kPa) and the peel force (newton) of the three replicates for each seal condition were 
calculated.  The pre-retort and post-retort regression lines for the burst force and the peel 
force were plotted on the same graph for comparison. After this, statistical analysis was 
done to find if there was any relationship between these forces. The parameter estimates 






Figure 51. Relationship between Burst Force and Peel Force for a semi rigid cup pre-
retort and post-retort (each data point is an average of three replicates) (parameter 
estimates for trend line are calculated by using instrument variables)  
 
 A regression analysis using instrument variables was carried out using a SAS 
program. The following is the result of the analysis (Table 11). 
 
Table 10. Statistical Analysis for relationship between burst force and peel force 
Post Retort Pre Retort 
Parameter Estimate 
Std. 
Error p-value Parameter Estimate 
Std. 
Error p-value 
Intercept -2.5902 0.3496 < .0001 Intercept -1.0767 0.3472 0.0046 




   
Similar to the peel force vs. opening force first a hypothesis test was carried out to 
check if the slopes were not equal to zero pre-retort and post-retort. 
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Table 11. Slope hypothesis testing for pre- and post-retort 
Burst vs. Peel Force 
Pre-retort Post-retort 
Level of significance 0.05 0.05 
p-value and < 0.0001 < 0.0001 
p-value and ! p <  ! p < ! 
Decision Reject Ho Reject Ho 
Conclusion 
Slope is not 
zero thus there 
is a 
relationship 
Slope is not 
zero thus there 
is a 
relationship 
As the slopes were not equal to zero, there was sufficient evidence (at the 0.05 
level of significance) to conclude that the burst force and the peel force have a 
relationship pre-retort and post-retort. In other words, the burst force can be used to 
predict the peel force for both pre-retort and post-retort.  
Although the burst force and the peel force had a relationship pre- and post- retort 
it was useful to see if the regression lines were different. Thus the slopes and y-intercepts 
(parameter estimates) for pre- and post-retort were compared.   
The second hypothesis test was carried out to see if the slopes (!ı) and y-intercept 
(!0) are different pre-retort and post-retort. The following data were obtained from the 
SAS program 
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Table 12. SAS output for difference in Post and Pre Regression lines for burst vs. peel 
force 
Difference in pre and post regression lines for burst vs. peel 
force 
Parameter Estimate Std. Error 
Test 
Statistic p-value 
Intercept -1.5135 0.4927 -3.0717 0.0021 
Slope 0.0307 0.0090 3.3952 0.0006 
There was sufficient evidence (at the 0.10 level of significance) to 
conclude that the slopes (p <  !) and the y-intercepts (p <  !) pre-retort and post-retort 
were different. Thus as the burst force changes the peel force changes differently pre- and 
post-retort (slopes are different). The pre-retort and post-retort trendlines have a R2 value 
of 0.89 and 0.91 respectively. Figure 51 shows the graph of the regression lines pre-retort 
and post-retort. Following are the regression equations using instrument variables for 
Burst force vs. Peel force. 
Table 13: Regression equations for the burst force vs. the peel force 
Burst force vs. Peel Force 
Equation R2 
Pre-retort y = 0.0875 x – 1.0767 (equation 21) 0.89 
Post-retort y = 0.118 x – 2.5902 (equation 22) 0.91 
Relationship between Burst Force and Opening Force 
The burst force and the opening force were also measured on different set of cups, 
as both the tests are destructive in nature. Thus a regression analysis by using instrument 
variables (dwell time and temperature) was performed to see if there was any relation 
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between the burst force and the opening force. This method is explained in Chapter 2 
under “Statistical Analysis using Parameter Estimation”. The burst force was again 
selected as the independent variable while the opening force was the dependent variable 
(Figure 52). The average burst force (kPa) and the average opening force (newton) of the 
three replicates for each seal condition were calculated.  The pre-retort and post-retort 
regression lines for the burst force and the opening force were plotted on the same graph 
for comparison. After this, statistical analysis was done to find if there was any 
relationship between these forces. The regression lines pre-retort and post-retort for burst 
vs. peel force were compared. 
Figure 52. Relationship between Burst Force and Opening Force for a semi rigid cup pre-
retort and post-retort (parameter estimates for trend line are calculated by using 
instrument variables) (each data point is the average of 3 replicates) 
y	  =	  0.4243x	  -­‐	  3.4915	  
R²	  =	  0.881	  (pre)	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A regression analysis using instrument variables was carried out using a SAS 
program. The following is the result of the regression analysis (Table 16).  
Table 14. Statistical Analysis for relationship between the burst force and the opening 
force 
Post Retort Pre Retort 
Parameter Estimate 
Std. 
Error p-value Estimate 
Std. 
Error p-value 
Intercept -6.7236 1.6258 0.0003 -3.4915 1.7681 0.059 
Slope 0.4360 0.0316 < .0001 0.4243 0.0305 < .0001 
R-squared 0.8724 0.881 
Similar to the peel force vs. opening force, a hypothesis test were carried out to 
check if the slopes were not equal to zero pre-retort and post-retort.  
Table 15. Slope hypothesis testing for the burst force vs. the opening force 
Burst vs. Opening Force 
 
Pre retort Post retort 
Level of 
significance  ! 0.05 0.05 
p-value and < 0.0001 < 0.0001 
p-value and ! p <  ! p < ! 
Decision Reject Ho Reject Ho 
Conclusion 
Slope is not 
zero thus there 
is a 
relationship 
Slope is not zero 
thus there is a 
relationship 
Thus there was sufficient evidence (at the 0.05 level of significance) to 
conclude that the burst force and the opening force have a relationship for both pre-retort 
and post-retort. This study has shown that knowing the burst force helps in predicting the 
opening force for both pre-retort and post-retort.  
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Although the burst force and the peel force had a relationship for both pre- and 
post-retort conditions, it was useful to see if the regression lines were different. Thus the 
slopes and y-intercepts (parameter estimates) for pre- and post-retort were compared.   
The second hypothesis test was carried out to see if the slopes (!ı) and the y-
intercept (!") were different pre-retort and post-retort. The following data were obtained 
from the SAS program 
Table 16. SAS results for difference between Pre-retort and Post-retort Regression lines 
for burst force vs. opening force 
Difference in Post and Pre 
Parameter Estimate Std. Error 
Test 
Statistic p-value 
Intercept -3.2321 2.4019 -1.3456 0.1784 
Slope 0.0117 0.0439 0.2664 0.7899 
Center -2.6153 0.5310 -4.9246 <0.0001 
There was insufficient evidence (at the 0.10 level of significance) to conclude that 
the slopes (p <  !) and the y-intercepts (p <  !) pre-retort and post-retort are different. So, 
a hypothesis test at the center values for burst pressures was performed to see if the lines 
were different. There was sufficient evidence (at the 0.10 level of significance) to prove 
that the lines are different. It can also be seen that the post-retort trend line (parameter 
estimates found using instrument variables) is lower than the pre-retort trend line 
(parameter estimates found using instrument variables).  
The hypothesis test concludes, although there is not enough evidence to prove the 
slopes and y-intercept are different, the opening force means at the central value of burst 
force are different. Thus the trend lines for pre- and post retort are almost parallel (slopes 
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are not different at 0.1 level of significance). Also, it can be seen from figure 52 that the 
trend line post-retort is lower than the pre-retort trend line.  The pre-retort and post-retort 
trendlines have a R2 value of 0.88 and 0.87 respectively. Following are the regression 
equations using instrument variables for the Burst force vs. the Opening force for pre-
retort (equation 23) and post-retort  (equation 24) conditions  
Table 17: Regression equations for the Burst force vs. the Opening Force 
Burst force vs. Opening Force 
Equation R2 
Pre-retort y = 0.4243 x - 3.4915 (equation 23) 0.88 
Post-retort y = 0.4360 x – 6.7236 (equation 24) 0.87 
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CHAPTER FIVE 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The primary aim of this research was to see if there was a relationship between 
the seal strength measurement tests (the peel force, the opening force, and the burst force) 
pre- and post-retort for a semi-rigid cup. The second aim was to compare the lines pre- 
and post-retort. Another aim was to better understand the nature of these three forces pre- 
and post-retort.  The research hopefully would help translate the results of one test into 
the other two tests, thereby reducing the amount of testing. Also, this research would help 
understand the effects of temperature and dwell time on the peel force, the opening force 
and burst force pre- and post-retort for a semi-rigid cup and lid package. 
A total of 336 cups were tested for finding the peel and burst forces pre- and post-
retort. Different combinations of 4 dwell times and 7 temperatures were used to seal the 
cups. A creep test was performed on an additional 16 cups to check the quality of the 
seals that were sealed at low dwell times and temperatures. All the cups passed the creep 
test, which confirmed the good quality of seals. A randomization technique was used to 
prevent any selection bias while sealing the cups. All the sealed cups had a S:F:D ratio 
(seal jaw width : flange width : outer diameter) of  1 : 3.9 : 65.3. 
The peel and the opening forces were measured with a single test on each cup by 
peeling the entire lid instead of using the conventional 25 mm heat-seal-strip peeling 
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method. This method was helpful in finding the true opening force and the true peel force 
that the consumer experiences while opening the package. Temperatures vs. peel force 
plots were made at the different dwell times. For pre-retorted cups at each dwell time, the 
temperature vs. peel force plot showed a heat seal curve like nature. That is, the peel 
force initially changed rapidly with change small changes in temperature, then there was 
a flat plateau-like region where change in temperature did not affect the peel force, and 
later the peel force dropped with an increase in temperature due to the flowing of sealant 
material. For post-retorted cups the nature of peel forces changed and the temperature vs. 
peel force plot appeared to have a more linear nature (with the except of the 1.2 dwell 
time, which appeared more like a heat seal curve). The change in the peel force nature 
was attributed to the fact that polypropylene based sealant materials undergo cold-
crystallization when subjected to retort conditions. Due to cold crystallization, seal failure 
post-retort presumably occurs along the grain-boundaries. At all dwell times, temperature 
vs. peel force curves were higher for pre-retort than post-retort except at 215℃ where the 
peel strength pre-retort dropped as the sealant started flowing due to high temperatures.  
Similarly to the peel forces, temperatures vs. opening force plots were made at 
various dwell times. Pre-retort, the opening force curves showed behavior like a heat seal 
curve (except at 1 and 1.2 sec where the curve was a little more linear in the given 
temperature range). The opening force at 215℃ and 1.4 sec pre-retort dropped 
considerably due to excessive sealant flow that occurs due to a high temperature and high 
dwell time. Post-retort, the opening force curves at all dwell times increased linearly with 
increase in temperature (except at dwell time of 1 sec where the curve was similar to the 
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heat seal curve). At all dwell times, temperatures vs. opening force curves were higher 
for pre-retort than post-retort (except at 215℃ and 1.4 sec where the pre-retort opening 
force dropped considerably as explained before). 
Temperature vs. burst force plots were made at different dwell times pre- and 
post-retort. The burst forces pre-retort had high variability. This variability was because 
of the different modes of failure (cohesive / different degree’s of delamination / break) 
during bursts test for pre-retort cups. Post-retort, most of the bursts had cohesive failures 
(only 9 delamination out of 84) and they thus had less variability. Pre-retort, although 
there was high variability, the temperature vs. burst force curves at different dwell times 
increased linearly with increase in temperature. Similarly, a linear nature of curves was 
observed post retort (except at 0.8 sec where the curve was more like the heat seal curve). 
At dwell times of 1.2 sec and 1.4 sec, the temperature vs. burst force curves pre-retort 
were higher than the curves post retort. However, at lower dwell times the pre-retort and 
post–retort curves came very close to each other (0.8 sec dwell time) or crossed each 
other (1 sec dwell time) at a particular temperature. This was due to the variation of burst 
forces due to different modes of failure. 
The peel and the opening forces were measured on the same cup. It was found 
that the peel force and the opening force had a relationship for both pre- and post-retort. 
A simple regression analysis, using the sum of least squares method, was performed to 
find a relationship between them.  When the regression lines were compared for pre- and 
post retort (significance level of 0.1) it was found that the slopes were different while 
there was insufficient evidence that y-intercept was different. Thus, as the peel force 
100 
(independent variable) increased, the opening force (dependent variable) changed 
differently for the pre- and the post-retort conditions (as the slopes are different). 
Peel force vs. Opening Force 
Equation R2 
Pre-retort y = 4.5828 x + 2.7517 0.91 
Post-retort y = 3.61 x + 3.0837 0.94 
The burst force and the peel force were measured on different cups. To find a 
relationship, the burst forces were considered to be the proxy variables for the true burst 
forces of the cups that were destroyed while measuring the peel and opening forces. 
Instrument variables (dwell time and temperature) were incorporated using the two stage 
least square method to find the slope and the y-intercept. It was found that the burst force 
and the peel had a relation for both pre- and post-retort. When the regression lines were 
compared for pre- and post retort (at a significance level of 0.1) it was found that the 
slopes were different and the y-intercepts were different. As the burst force (independent 
variable) increased, the peel force (dependent variable) changed differently for the pre- 
and the post-retort conditions (as the slopes are different).  
Burst force vs. Peel Force 
Equation R2 
Pre-retort y = 0.0875 x – 1.0767 0.89 
Post-retort y = 0.118 x – 2.5902 0.91 
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The burst force and the opening force were also measured from different cups. A 
similar statistical method as that used to correlate burst force vs. opening force was used. 
It was found that the burst force and the opening force had a relationship for both pre- 
and post-retort. When the regression lines were compared pre- and post retort 
(significance level of 0.1), it was found that there is not enough evidence to prove the 
slopes and y-intercept are different but there was sufficient evidence that the center of 
both the lines were different. Thus it was concluded that, the trend lines for pre- and post-
retort were almost parallel. The trendline post-retort was lower than the one pre-retort. It 
was concluded that as the burst force was increased, the opening force changed in a 
similar manner for both pre- and post-retort.  
Burst force vs. Opening Force 
Equation R2 
Pre-retort y = 0.4243 x - 3.4915 0.88 
Post-retort y = 0.4360 x – 6.7236 0.87 
The peel force, the opening force and the burst force had a good relationship with 
each other for both pre- and post-retort. These regression lines were compared pre- and 
post-retort. The nature of the peel force, the opening force and the burst force was studied 




There are opportunities for further research in this field. The new methods and 
techniques used in this research could act as a foundation for future research. Companies 
can use this research and create regression equations for their semi-rigid packages to 
reduce future testing.  
The effects on seal strength pre- and post-retort could be analyzed for different 
package materials, food products, headspaces, container shapes, cup sizes, seal widths, 
and flange types.  
It would be interesting to study how the seal strength changes post-retort for 
different packaging materials and sealants. The change would be different as each 
material may crystallize at different temperatures and may also have different 
crystallization rates. 
In the current research, water was used as a food product. Each food product 
expands differently in the retort. Thus it would be interesting to study the effect of 
different foods on seal strength post-retort. 
The effect of headspace variation on seal strength and burst pressure could be 
investigated. Container shapes, cup sizes, seal widths and flange types are different 
variables that could be studied. 
It would be interesting to study the effect of pressure inflation rates for burst 
testing. A study could be done to see if the inflation rates affect the burst force value and 




















185	   0.8	   PRE	   164	   1.2864	   6.8545	   Cohesive	  
185	   0.8	   PRE	   246	   0.9416	   7.8742	   Cohesive	  
185	   0.8	   PRE	   193	   1.6160	   8.8000	   Cohesive	  
185	   1	   PRE	   47	   2.2681	   10.2756	   Cohesive	  
185	   1	   PRE	   124	   1.6724	   10.1137	   Cohesive	  
185	   1	   PRE	   140	   2.6574	   13.3980	   Cohesive	  
185	   1.2	   PRE	   333	   2.5067	   13.9074	   Cohesive	  
185	   1.2	   PRE	   194	   3.2148	   17.3538	   Cohesive	  
185	   1.2	   PRE	   173	   3.6713	   17.5506	   Cohesive	  
185	   1.4	   PRE	   181	   3.4085	   17.7449	   Cohesive	  
185	   1.4	   PRE	   326	   3.7534	   18.6022	   Cohesive	  
185	   1.4	   PRE	   177	   3.6172	   19.4022	   Cohesive	  
190	   0.8	   PRE	   231	   1.6759	   7.7869	   Cohesive	  
190	   0.8	   PRE	   162	   1.2773	   7.3861	   Cohesive	  
190	   0.8	   PRE	   68	   1.6143	   10.5434	   Cohesive	  
190	   1	   PRE	   245	   3.0213	   15.8032	   Cohesive	  
190	   1	   PRE	   154	   2.9218	   17.3256	   Cohesive	  
190	   1	   PRE	   263	   2.4674	   16.3308	   Cohesive	  
190	   1.2	   PRE	   170	   3.6357	   20.2143	   Cohesive	  
190	   1.2	   PRE	   279	   3.5963	   18.7704	   Cohesive	  
190	   1.2	   PRE	   125	   3.6225	   20.1853	   Cohesive	  
190	   1.4	   PRE	   149	   4.2248	   18.3882	   Cohesive	  
190	   1.4	   PRE	   235	   4.3255	   21.3617	   Cohesive	  
190	   1.4	   PRE	   126	   4.2999	   20.9931	   Cohesive	  
195	   0.8	   PRE	   113	   1.2636	   14.9773	   Cohesive	  
195	   0.8	   PRE	   103	   2.6453	   14.6404	   Cohesive	  
195	   0.8	   PRE	   183	   2.3097	   16.1787	   Cohesive	  
195	   1	   PRE	   200	   3.6752	   17.9691	   Cohesive	  
195	   1	   PRE	   138	   3.9272	   17.7972	   Cohesive	  
195	   1	   PRE	   218	   4.2382	   18.4927	   Cohesive	  
















195	   1.2	   PRE	   146	   3.5072	   19.0576	   Cohesive	  
195	   1.2	   PRE	   244	   4.5163	   20.0793	   Cohesive	  
195	   1.4	   PRE	   121	   4.4097	   28.7637	   Cohesive	  
195	   1.4	   PRE	   256	   4.3490	   21.3353	   Cohesive	  
195	   1.4	   PRE	   285	   4.9697	   25.3465	   Cohesive	  
200	   0.8	   PRE	   223	   2.4573	   18.6501	   Cohesive	  
200	   0.8	   PRE	   20	   3.5680	   17.3558	   Cohesive	  
200	   0.8	   PRE	   180	   2.8028	   18.9123	   Cohesive	  
200	   1	   PRE	   87	   3.7733	   19.2814	   Cohesive	  
200	   1	   PRE	   320	   3.8381	   21.0299	   Cohesive	  
200	   1	   PRE	   84	   3.9546	   20.1567	   Cohesive	  
200	   1.2	   PRE	   283	   3.8720	   23.5125	   Cohesive	  
200	   1.2	   PRE	   317	   4.9990	   23.6836	   Cohesive	  
200	   1.2	   PRE	   174	   4.7378	   25.6485	   Cohesive	  
200	   1.4	   PRE	   206	   5.3987	   26.2518	   Cohesive	  
200	   1.4	   PRE	   56	   4.6373	   26.1169	   Cohesive	  
200	   1.4	   PRE	   64	   5.0773	   26.4553	   Cohesive	  
205	   0.8	   PRE	   316	   3.7463	   17.0910	   Cohesive	  
205	   0.8	   PRE	   258	   3.5627	   18.3284	   Cohesive	  
205	   0.8	   PRE	   298	   3.4629	   17.2724	   Cohesive	  
205	   1	   PRE	   43	   4.6439	   21.2923	   Cohesive	  
205	   1	   PRE	   90	   3.8800	   19.8969	   Cohesive	  
205	   1	   PRE	   262	   4.5493	   19.9490	   Cohesive	  
205	   1.2	   PRE	   157	   4.4982	   27.8716	   Cohesive	  
205	   1.2	   PRE	   323	   5.8229	   25.2857	   Cohesive	  
205	   1.2	   PRE	   33	   5.0437	   26.0664	   Cohesive	  
205	   1.4	   PRE	   71	   6.4939	   29.7350	   Cohesive	  
205	   1.4	   PRE	   241	   5.3845	   24.6404	   Cohesive	  
205	   1.4	   PRE	   286	   6.2003	   31.0048	   Cohesive	  
210	   0.8	   PRE	   243	   3.9417	   18.6950	   Cohesive	  
210	   0.8	   PRE	   57	   3.3955	   19.9273	   Cohesive	  
210	   0.8	   PRE	   204	   3.0009	   18.8082	   Cohesive	  
210	   1	   PRE	   74	   3.9989	   20.8266	   Cohesive	  
210	   1	   PRE	   1	   4.6032	   22.4463	   Cohesive	  
210	   1	   PRE	   293	   4.6598	   21.5590	   Cohesive	  
















210	   1.2	   PRE	   139	   4.8963	   29.4649	   Cohesive	  
210	   1.2	   PRE	   312	   5.2867	   25.4189	   Cohesive	  
210	   1.4	   PRE	   13	   5.7485	   33.7753	   Cohesive	  
210	   1.4	   PRE	   189	   5.9970	   29.0130	   Cohesive	  
210	   1.4	   PRE	   266	   0.0000	   0.0000	   Cohesive	  
215	   0.8	   PRE	   77	   3.4270	   19.8346	   Cohesive	  
215	   0.8	   PRE	   178	   3.5254	   19.9426	   Cohesive	  
215	   0.8	   PRE	   185	   2.9833	   19.3298	   Cohesive	  
215	   1	   PRE	   31	   4.3921	   21.5271	   Cohesive	  
215	   1	   PRE	   296	   4.3666	   25.2111	   Cohesive	  
215	   1	   PRE	   8	   4.1358	   25.9619	   Cohesive	  
215	   1.2	   PRE	   42	   5.2085	   24.9514	   Cohesive	  
215	   1.2	   PRE	   305	   4.6057	   31.8302	   Cohesive	  
215	   1.2	   PRE	   167	   4.1630	   26.4860	   Cohesive	  
215	   1.4	   PRE	   135	   5.5638	   25.9824	   Cohesive	  
215	   1.4	   PRE	   291	   4.8082	   28.2608	   Cohesive	  
215	   1.4	   PRE	   290	   5.4846	   21.3042	   Cohesive	  
185	   0.8	   POST	   328	   0.1134	   3.8393	   Cohesive	  
185	   0.8	   POST	   267	   0.3612	   1.6821	   Cohesive	  
185	   0.8	   POST	   247	   0.2979	   3.6582	   Cohesive	  
185	   1	   POST	   55	   0.3427	   6.3789	   Cohesive	  
185	   1	   POST	   199	   1.3736	   7.5187	   Cohesive	  
185	   1	   POST	   85	   1.3334	   11.5168	   Cohesive	  
185	   1.2	   POST	   142	   2.3087	   12.5075	   Cohesive	  
185	   1.2	   POST	   24	   3.5082	   14.0155	   Cohesive	  
185	   1.2	   POST	   255	   1.7798	   11.8363	   Cohesive	  
185	   1.4	   POST	   182	   2.5639	   13.0840	   Cohesive	  
185	   1.4	   POST	   80	   3.2229	   12.8570	   Cohesive	  
185	   1.4	   POST	   224	   3.0218	   13.4588	   Cohesive	  
190	   0.8	   POST	   2	   1.2050	   12.8909	   Cohesive	  
190	   0.8	   POST	   237	   1.4974	   7.6575	   Cohesive	  
190	   0.8	   POST	   152	   0.8963	   9.6945	   Cohesive	  
190	   1	   POST	   11	   2.4544	   10.8606	   Cohesive	  
190	   1	   POST	   147	   2.0400	   14.1041	   Cohesive	  
190	   1	   POST	   104	   2.0186	   9.3721	   Cohesive	  
















190	   1.2	   POST	   192	   2.9749	   13.2199	   Cohesive	  
190	   1.2	   POST	   22	   3.8891	   14.9892	   Cohesive	  
190	   1.4	   POST	   274	   3.3153	   16.7198	   Cohesive	  
190	   1.4	   POST	   70	   3.3784	   14.8652	   Cohesive	  
190	   1.4	   POST	   161	   3.2920	   17.2994	   Cohesive	  
195	   0.8	   POST	   332	   0.8466	   3.2698	   Cohesive	  
195	   0.8	   POST	   16	   1.4677	   10.9041	   Cohesive	  
195	   0.8	   POST	   107	   1.9950	   7.1378	   Cohesive	  
195	   1	   POST	   215	   2.6986	   13.1832	   Cohesive	  
195	   1	   POST	   308	   2.7015	   12.7896	   Cohesive	  
195	   1	   POST	   186	   2.9762	   13.7460	   Cohesive	  
195	   1.2	   POST	   250	   2.8330	   15.0124	   Cohesive	  
195	   1.2	   POST	   311	   3.4207	   14.4052	   Cohesive	  
195	   1.2	   POST	   3	   3.6225	   17.7790	   Cohesive	  
195	   1.4	   POST	   112	   3.6092	   15.8644	   Cohesive	  
195	   1.4	   POST	   211	   3.6497	   18.4537	   Cohesive	  
195	   1.4	   POST	   111	   3.7388	   17.6702	   Cohesive	  
200	   0.8	   POST	   89	   2.4380	   8.0528	   Cohesive	  
200	   0.8	   POST	   309	   3.1980	   14.6714	   Cohesive	  
200	   0.8	   POST	   72	   2.3234	   8.9892	   Cohesive	  
200	   1	   POST	   171	   3.6819	   15.1992	   Cohesive	  
200	   1	   POST	   108	   3.4400	   14.6858	   Cohesive	  
200	   1	   POST	   120	   2.8416	   14.1281	   Cohesive	  
200	   1.2	   POST	   115	   3.6439	   18.8719	   Cohesive	  
200	   1.2	   POST	   292	   3.5794	   15.8282	   Cohesive	  
200	   1.2	   POST	   17	   3.9470	   17.1688	   Cohesive	  
200	   1.4	   POST	   229	   4.0667	   17.4718	   Cohesive	  
200	   1.4	   POST	   19	   4.5682	   19.5526	   Cohesive	  
200	   1.4	   POST	   324	   4.2352	   19.8904	   Cohesive	  
205	   0.8	   POST	   37	   3.3648	   15.7908	   Cohesive	  
205	   0.8	   POST	   179	   3.0228	   8.7674	   Cohesive	  
205	   0.8	   POST	   99	   2.7690	   13.0916	   Cohesive	  
205	   1	   POST	   205	   3.5548	   15.5933	   Cohesive	  
205	   1	   POST	   38	   4.3605	   17.3847	   Cohesive	  
205	   1	   POST	   249	   3.5094	   14.5328	   Cohesive	  
















205	   1.2	   POST	   96	   4.4354	   19.6018	   Cohesive	  
205	   1.2	   POST	   225	   4.5170	   17.8649	   Cohesive	  
205	   1.4	   POST	   144	   5.2087	   19.9921	   Cohesive	  
205	   1.4	   POST	   297	   4.5601	   20.1297	   Cohesive	  
205	   1.4	   POST	   190	   4.3750	   20.4221	   Cohesive	  
210	   0.8	   POST	   26	   3.2915	   15.1183	   Cohesive	  
210	   0.8	   POST	   330	   3.3964	   14.3364	   Cohesive	  
210	   0.8	   POST	   40	   3.2448	   13.6209	   Cohesive	  
210	   1	   POST	   300	   4.0124	   16.1901	   Cohesive	  
210	   1	   POST	   58	   4.4403	   15.9779	   Cohesive	  
210	   1	   POST	   105	   3.8617	   16.6146	   Cohesive	  
210	   1.2	   POST	   45	   4.5954	   20.4595	   Cohesive	  
210	   1.2	   POST	   79	   4.5514	   18.4722	   Cohesive	  
210	   1.2	   POST	   336	   4.9064	   21.0435	   Cohesive	  
210	   1.4	   POST	   269	   5.2869	   20.0803	   Cohesive	  
210	   1.4	   POST	   7	   4.9697	   23.4301	   Cohesive	  
210	   1.4	   POST	   36	   5.4758	   22.2870	   Cohesive	  
215	   0.8	   POST	   155	   3.6614	   16.8420	   Cohesive	  
215	   0.8	   POST	   321	   3.5612	   14.8451	   Cohesive	  
215	   0.8	   POST	   50	   3.9988	   17.6129	   Cohesive	  
215	   1	   POST	   302	   4.2149	   17.9159	   Cohesive	  
215	   1	   POST	   5	   4.5098	   17.9440	   Cohesive	  
215	   1	   POST	   265	   3.6010	   16.7721	   Cohesive	  
215	   1.2	   POST	   27	   5.1439	   21.6216	   Cohesive	  
215	   1.2	   POST	   227	   4.7614	   19.3620	   Cohesive	  
215	   1.2	   POST	   228	   5.3726	   21.7087	   Cohesive	  
215	   1.4	   POST	   315	   6.4565	   26.4715	   Cohesive	  
215	   1.4	   POST	   100	   6.1270	   26.4203	   Cohesive	  
215	   1.4	   POST	   25	   5.9820	   29.7613	   Cohesive	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failure	   Location	  
PRE	   185	   0.8	   14	   37.7626	   Cohesive	   Left	  
PRE	   185	   0.8	   148	   27.3032	   Cohesive	   Bottom	  
PRE	   185	   0.8	   6	   33.3499	   Cohesive	   Right	  
PRE	   185	   1	   54	   35.9975	   Cohesive	   Top	  
PRE	   185	   1	   230	   30.7024	   Cohesive	   Left	  top	  
PRE	   185	   1	   188	   36.1975	   Cohesive	   Top	  
PRE	   185	   1.2	   242	   46.4017	   Delamination	   Bottom	  
PRE	   185	   1.2	   272	   51.0419	   Delamination	   Left	  
PRE	   185	   1.2	   275	   50.0008	   Delamination	   Left	  
PRE	   185	   1.4	   114	   51.6969	   Cohesive	   Left	  
PRE	   185	   1.4	   151	   54.3031	   Delamination	   Top	  
PRE	   185	   1.4	   319	   59.5983	   Delamination	   Left	  
PRE	   190	   0.8	   280	   24.0972	   Cohesive	   Left	  bottom	  
PRE	   190	   0.8	   295	   37.5006	   Cohesive	   Left	  top	  
PRE	   190	   0.8	   236	   26.9033	   Cohesive	   Top	  
PRE	   190	   1	   253	   52.8001	   Delamination	   Left	  
PRE	   190	   1	   238	   39.3001	   Cohesive	   Top	  
PRE	   190	   1	   86	   41.4030	   Cohesive	   Top	  
PRE	   190	   1.2	   28	   56.9231	   Delamination	   Left	  
PRE	   190	   1.2	   18	   49.8008	   Delamination	   Left	  top	  
PRE	   190	   1.2	   287	   58.3779	   Delamination	   Left	  
PRE	   190	   1.4	   318	   58.3986	   Delamination	   Top	  
PRE	   190	   1.4	   98	   58.3986	   Delamination	   Left	  top	  
PRE	   190	   1.4	   159	   50.0008	   Delamination	   Left	  
PRE	   195	   0.8	   195	   30.8196	   Cohesive	   Right	  
PRE	   195	   0.8	   156	   28.1996	   Cohesive	   Left	  bottom	  
PRE	   195	   0.8	   131	   33.7981	   Cohesive	   Left	  bottom	  
PRE	   195	   1	   88	   40.2999	   Delamination	   Top	  
PRE	   195	   1	   109	   57.9573	   Delamination	   Left	  
PRE	   195	   1	   81	   51.6969	   Delamination	   Top	  
PRE	   195	   1.2	   44	   62.1011	   Delamination	   Top	  
PRE	   195	   1.2	   254	   58.3434	   Delamination	   Left	  top	  















failure	   Location	  
PRE	   195	   1.4	   241	   70.6023	   Delamination	   Left	  top	  
PRE	   195	   1.4	   197	   60.9014	   Delamination	   Left	  
PRE	   195	   1.4	   51	   66.6034	   Delamination	   Top	  
PRE	   200	   0.8	   176	   54.7995	   Delamination	   Left	  top	  
PRE	   200	   0.8	   234	   53.5033	   Cohesive	   Bottom	  
PRE	   200	   0.8	   219	   36.7973	   Cohesive	   Right	  top	  
PRE	   200	   1	   128	   54.9098	   Delamination	   Top	  
PRE	   200	   1	   169	   57.3023	   Delamination	   Left	  bottom	  
PRE	   200	   1	   313	   58.9295	   Delamination	   Top	  left	  
PRE	   200	   1.2	   12	   56.5715	   Delamination	   Right	  
PRE	   200	   1.2	   32	   58.3986	   Delamination	   Top	  
PRE	   200	   1.2	   117	   66.4999	   Delamination	   Left	  bottom	  
PRE	   200	   1.4	   73	   71.0987	   Break/delam	   Right	  top	  
PRE	   200	   1.4	   59	   56.9576	   Delamination	   Right	  top	  
PRE	   200	   1.4	   301	   60.5980	   Delamination	   Top	  
PRE	   205	   0.8	   92	   50.8971	   Delamination	   Top	  
PRE	   205	   0.8	   303	   56.7025	   Delamination	   Left	  top	  
PRE	   205	   0.8	   61	   57.5988	   Delamination	   Left	  top	  
PRE	   205	   1	   123	   62.7974	   Delamination	   Left	  top	  
PRE	   205	   1	   165	   58.5779	   Delamination	   Left	  top	  
PRE	   205	   1	   184	   62.8733	   Delamination	   Left	  
PRE	   205	   1.2	   222	   67.8996	   Delamination	   Top	  
PRE	   205	   1.2	   264	   55.9027	  
PRE	   205	   1.2	   278	   68.8993	   Delamination	   Left	  top	  
PRE	   205	   1.4	   53	   73.5326	   Delamination	   Right	  
PRE	   205	   1.4	   208	   70.6023	   Delamination	   Top	  
PRE	   205	   1.4	   48	   84.3987	   Break/delam	   Right	  
PRE	   210	   0.8	   261	   57.1024	   Delamination	   Top	  
PRE	   210	   0.8	   166	   43.2991	   Delamination	   Left	  
PRE	   210	   0.8	   130	   61.1013	   Delamination	   Top	  
PRE	   210	   1	   271	   57.3989	   Delamination	   Right	  
PRE	   210	   1	   21	   70.4989	   Break/delam	   Left	  
PRE	   210	   1	   310	   61.1979	   Delamination	   Top	  
PRE	   210	   1.2	   158	   74.6978	   Delamination	   Right	  
PRE	   210	   1.2	   172	   53.3034	   Delamination	   Top	  















failure	   Location	  
PRE	   210	   1.4	   82	   76.4973	   Delamination	   Left	  
PRE	   210	   1.4	   257	   80.9031	   Break/delam	   Top	  
PRE	   210	   1.4	   75	   81.3030	   Delamination	   Left	  
PRE	   215	   0.8	   91	   57.5023	   Delamination	   Left	  top	  
PRE	   215	   0.8	   331	   60.9014	   Delamination	   Left	  top	  
PRE	   215	   0.8	   137	   65.9001	   Delamination	   Top	  
PRE	   215	   1	   240	   64.3005	   Delamination	   Right	  
PRE	   215	   1	   4	   69.8025	   Delamination	   Top	  
PRE	   215	   1	   95	   64.9969	   Delamination	   Left	  bottom	  
PRE	   215	   1.2	   329	   77.5178	   Delamination	   Left	  bottom	  
PRE	   215	   1.2	   23	   72.6983	   Delamination	   Left	  bottom	  
PRE	   215	   1.2	   217	   69.2992	   Break/delam	   Bottom	  
PRE	   215	   1.4	   288	   84.1988	   Delamination	   Left	  bottom	  
PRE	   215	   1.4	   252	   79.7930	   Delamination	   Top	  
PRE	   215	   1.4	   94	   61.3013	   Delamination	   Left	  
POST	   185	   0.8	   294	  
POST	   185	   0.8	   34	   24.0007	   Cohesive	   Left	  top	  
POST	   185	   0.8	   196	   20.4016	   Cohesive	   Left	  
POST	   185	   1	   122	   42.0029	   Cohesive	   Left	  bottom	  
POST	   185	   1	   210	   33.1983	   Cohesive	   Right	  top	  
POST	   185	   1	   168	   38.7003	   Cohesive	   Left	  bottom	  
POST	   185	   1.2	   202	   37.3972	   Cohesive	   Right	  top	  
POST	   185	   1.2	   136	   42.2028	   Cohesive	   Left	  top	  
POST	   185	   1.2	   52	   44.0023	   Cohesive	   Left	  top	  
POST	   185	   1.4	   281	   48.2978	   Cohesive	   Left	  top	  
POST	   185	   1.4	   15	   48.0978	   Cohesive	  
Right	  
bottom	  
POST	   185	   1.4	   260	   51.6004	   Cohesive	   Right	  top	  
POST	   190	   0.8	   216	   17.2989	   Cohesive	   Right	  top	  
POST	   190	   0.8	   220	   31.7021	   Cohesive	   Right	  top	  
POST	   190	   0.8	   212	   26.2966	   Cohesive	   Left	  bottom	  
POST	   190	   1	   41	   46.2018	   Cohesive	   Right	  
POST	   190	   1	   10	   45.6019	   Cohesive	  
Right	  
bottom	  
POST	   190	   1	   248	   41.2031	   Cohesive	   Bottom	  















failure	   Location	  
POST	   190	   1.2	   133	   47.4980	   Cohesive	   Left	  bottom	  
POST	   190	   1.2	   132	   50.0973	   Cohesive	   Left	  bottom	  
POST	   190	   1.4	   251	   54.3031	   Cohesive	   Left	  bottom	  
POST	   190	   1.4	   306	   46.8981	   Cohesive	   Right	  top	  
POST	   190	   1.4	   335	   51.8968	   Cohesive	   Bottom	  
POST	   195	   0.8	   63	   29.9026	   Cohesive	   Bottom	  
POST	   195	   0.8	   145	  
POST	   195	   0.8	   150	   33.7016	   Cohesive	   Left	  bottom	  
POST	   195	   1	   322	   47.6979	   Cohesive	   Bottom	  
POST	   195	   1	   39	   49.2010	   Cohesive	  
Right	  
bottom	  
POST	   195	   1	   209	   45.0021	   Cohesive	   Top	  
POST	   195	   1.2	   201	   50.8971	   Cohesive	   Left	  bottom	  
POST	   195	   1.2	   46	   49.0010	   Cohesive	   Right	  top	  
POST	   195	   1.2	   119	   48.4012	   Cohesive	   Right	  top	  
POST	   195	   1.4	   116	   59.7017	   Cohesive	   Bottom	  
POST	   195	   1.4	   207	   53.3034	   Cohesive	   Left	  bottom	  
POST	   195	   1.4	   268	   57.3989	   Cohesive	   Left	  bottom	  
POST	   200	   0.8	   65	   42.0029	   Cohesive	   Bottom	  
POST	   200	   0.8	   35	   48.0013	   Cohesive	   Left	  bottom	  
POST	   200	   0.8	   198	   45.4020	   Cohesive	   Bottom	  
POST	   200	   1	   304	   47.0981	   Cohesive	   Bottom	  
POST	   200	   1	   106	   50.0008	   Cohesive	   Left	  bottom	  
POST	   200	   1	   175	   49.6974	   Cohesive	   Right	  
POST	   200	   1.2	   314	   56.1992	   Cohesive	   Bottom	  
POST	   200	   1.2	   325	   54.5996	   Cohesive	   Bottom	  
POST	   200	   1.2	   30	   53.5033	   Cohesive	   Left	  bottom	  
POST	   200	   1.4	   276	   58.7020	   Cohesive	   Left	  top	  
POST	   200	   1.4	   284	   67.4031	   Cohesive	   Left	  bottom	  
POST	   200	   1.4	   143	   59.9982	   Cohesive	   Bottom	  
POST	   205	   0.8	   191	   47.4015	   Cohesive	   Bottom	  
POST	   205	   0.8	   127	   48.2012	   Cohesive	   Bottom	  
POST	   205	   0.8	   102	   47.8979	   Cohesive	   Left	  bottom	  
POST	   205	   1	   83	   56.1992	   Cohesive	  
Right	  
bottom	  















failure	   Location	  
bottom	  
POST	   205	   1	   129	   51.0005	   Cohesive	   Left	  bottom	  
POST	   205	   1.2	   93	   59.5983	   Cohesive	   Right	  top	  
POST	   205	   1.2	   226	  
POST	   205	   1.2	   163	   59.9982	   Delamination	   Top	  
POST	   205	   1.4	   134	  
POST	   205	   1.4	   289	   68.2995	   Cohesive	  
Right	  
bottom	  
POST	   205	   1.4	   78	   65.5002	   Delamination	   Right	  
POST	   210	   0.8	   187	   46.8981	   Cohesive	   Top	  
POST	   210	   0.8	   118	   49.4975	   Cohesive	   Right	  
POST	   210	   0.8	   334	   53.5033	   Cohesive	   Top	  
POST	   210	   1	   62	   52.4002	   Cohesive	   Left	  
POST	   210	   1	   273	   55.3028	   Cohesive	   Right	  
POST	   210	   1	   110	   51.6969	   Cohesive	   Right	  
POST	   210	   1.2	   307	   61.2185	   Cohesive	   Top	  
POST	   210	   1.2	   101	   55.7027	   Cohesive	   Right	  
POST	   210	   1.2	   29	   59.9017	   Cohesive	   Bottom	  
POST	   210	   1.4	   153	   61.1013	   Delamination	   Right	  
POST	   210	   1.4	   49	   65.0589	   Delamination	   Right	  
POST	   210	   1.4	   213	   67.0998	   Cohesive	  
Right	  
bottom	  
POST	   215	   0.8	   259	   50.8971	   Cohesive	   Left	  top	  
POST	   215	   0.8	   97	   50.2007	   Cohesive	  
Right	  
bottom	  
POST	   215	   0.8	   327	   45.6985	   Cohesive	   Right	  top	  
POST	   215	   1	   203	   59.1019	   Cohesive	   Top	  
POST	   215	   1	   9	   56.5991	   Cohesive	   Left	  bottom	  
POST	   215	   1	   277	   58.8330	   Cohesive	   Left	  top	  
POST	   215	   1.2	   221	   58.7985	   Cohesive	   Top	  
POST	   215	   1.2	   60	   69.4026	   Delamination	   Top	  
POST	   215	   1.2	   270	   63.1008	   Delamination	   Right	  top	  
POST	   215	   1.4	   282	   66.1966	   Delamination	   Left	  top	  
POST	   215	   1.4	   160	   69.4992	   Delamination	   Right	  
POST	   215	   1.4	   76	   72.1398	   Delamination	   Right	  top	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Approx. 0.8 times 





PRE 185 0.8 27.30 22 Pass 
PRE 185 1 30.70 24 Pass 
PRE 190 0.8 24.09 19 Pass 
PRE 190 1 39.30 31 Pass 
PRE 195 0.8 30.81 25 Pass 
PRE 195 1 40.29 32 Pass 
PRE 200 0.8 36.79 29 Pass 
PRE 200 1 54.90 44 Pass 
Post 185 0.8 20.40 16 Pass 
Post 185 1 33.19 26 Pass 
Post 190 0.8 17.29 13 Pass 
Post 190 1 41.20 32 Pass 
Post 195 0.8 29.90 23 Pass 
Post 195 1 45.00 36 Pass 
Post 200 0.8 42.00 34 Pass 
Post 200 1 47.09 38 Pass 
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